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ABSTRACT

The Late Permian to Middle Triassic Narrabeen Group succession is mostly composed of
fluviatile deposits and was deposited in the retro-arc foreland Sydney Basin, Australia.
Two major sources were present: the New England Magmatic Belt towards the north and
the Lachlan Fold Belt in the west. Detailed outcrop, borehole and laboratory studies, using
the concepts of sequence stratigraphy and genetic relationships between the strata, were
used to study the lithofacies in detail and delineate depositional sequences, depositional
complexes and depositional systems.
Three depositional sequences are recognised.

The maJor part of the studied

succession belongs to the Narrabeen depositional sequence. However, the lowermost and
uppermost depositional systems belong to the Illawarra depositional sequence and
Hawkesbury depositional sequence respectively. The basin-wide erosional surface at the
base of the Scarborough depositional system is considered to be the lower boundary of the
Narrabeen depositional sequence and upper boundary of the Illawarra depositional sequence.
The hiatal surface at the top of the Bald Hill Claystone marks upper boundary of the
Narrabeen depositional sequence and lower boundary of the Hawkesbury depositional
sequence.
Based on detailed lithofacies and bounding surfaces analysis, architectural element
studies and palaeohydrology, one depositional complex and six depositional systems are
recognised.

In an ascending stratigraphic order, they are: the Wombarra depositional

system including mixed-load fluvial deposit A (Coal Cliff Sandstone Member), bed-load
fluvial deposit A (Otford Sandstone Member) and floodplain deposit A (Wombarra Shale);
Scarborough depositional system including bed-load fluvial deposit B (Scarborough
Sandstone) and floodplain deposit B (Stanwell Park Claystone); Bulgo depositional complex
including bed-load fluvial deposit C (lower Bulgo Sandstone), braidplain fluvial deposit
(middle Bulgo Sandstone), mixed-load fluvial deposit B (upper Bulgo Sandstone) and
floodplain deposit C (Bald Hill Claystone); and Newport depositional system including

Garie Claystone Member (a tuffaceous unit) and lagoonal to lacustrine deposits (Newport
Fonnation).
Based on detailed sedimentological studies and considering the genetic relationships
between the strata, eight modifications to the currently-accepted stratigraphy are
recommended. The W ombarra depositional system has a strong affinity with the Illawarra
Coal Measures and should be excluded from the Narrabeen Group and included in the
former.

The Coal Cliff Sandstone is degraded to member status and together with the

Otford Sandstone, form two sandstone members in the newly defined Wombarra Formation.
The Narrabeen Group, as defined in this study starts with the Scarborough Sandstone and
terminates with the Bald Hill Claystone. The Newport Formation rests on a hiatal surface
at the top of the Bald Hill Claystone and has a strong genetic relationship with the
Hawkesbury Sandstone. It is recommended that the Newport Formation be excluded from
the Narrabeen Group. The Garie Formation is down-graded to member status and termed
Garie Claystone Member of the newly defined Newport Formation. The Gosford Subgroup
is recommended to be upgraded to a group status to accommodate the genetically-related
Newport Formation (including Garie Claystone Member), Terrigal Formation, Hawkesbury
Sandstone and Mittagong Formation.
In terms of sequence stratigraphy, four new terms are defined based on two
controlling factors: major sedimentation processes (aggradational versus progradational) and
tectonism (syntectonic versus post-tectonic).

These new terms are:

Syntectonic

Aggradational Systems Tract (SAST); Syntectonic Progradational Systems Tract (SPST);
Post-tectonic Progradational Systems Tract (PPST); and Post-tectonic Aggradational Systems
Tract (PAST). These new terms are successfully applied to interpret the Sydney Basin
development (a foreland basin), but they have potential to be applied on other types of
basins as well.
In contrast to previous studies, the lower fine-grained sequences in the studied
succession are considered to be syntectonic (excluding the uppermost fine-grained units)

and the major coarse-grained sequences are considered to be post-tectonic. These deposits
have been laid down in two tectonic cycles.

The mostly fine-grained deposits of the

Wombarra depositional system (uppermost part of the Illawarra Coal Measures) was
deposited during extensive basin subsidence resulting from compaction of the underlying
coal-bearing sequence and basin floor flexure related to the thrust-front loading in the
northern part of the basin. The Wombarra depositional system represents the SAST of the
first tectonic cycle.

Alluvial fan deposits of the Munmorah Conglomerate close to the

thrust belt are considered to be a SPST of the same cycle. Rebounding of the basin floor,
due to the erosion of the thrust belt, caused uplifting of the proximal parts of the basin,
and resulted in progradation of the coarse-grained materials farther into the basin.

The

PPST of the Scarborough Sandstone was formed at this time and marks the end of the first
tectonic cycle.

The second tectonic cycle constitutes the SAST of the Stanwell Park

Claystone, SPST of coarse-grained units close to the thrust belt and PPST of the Bulgo
Sandstone. The Bald Hill Claystone and Newport Formation are considered to be PAST
in nature.
This study revealed that the new concepts in foreland basin development are quite
applicable to the Sydney Basin. It also was revealed that sequence stratigraphic concepts
can be implemented on fluviatile deposits. This study also emphasised the importance of
genetic relationships between strata in a succession for solving stratigraphic problems.
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CHAPTER ONE
INTRODUCTION

1.1

TECTONIC SETTING OF THE SYDNEY BASIN

The Sydney, Gunnedah and Bowen Basins form a continuous elongate basin, more
than 1700 kilometres in length, which extends from the central coast of Queensland
in the north to Batemans Bay in southern New South Wales (Figure 1.1).

The

Sydney Basin is the southern part of the contiguous Sydney-Bowen Basin (Bembrick

et al., 1973, 1980) and is separated from the Gunnedah Basin by the Mount
Coricudgy Anticline in the northwest (Stuntz, 1969; Bembrick et al., 1973, 1980).
The Sydney Basin is bounded to the northeast by the Hunter Thrust System, which
developed in the middle Permian (Leitch, 1974; Figure 1.1 ).
To the west, the Sydney Basin sequence thins and unconformably (Mayne et

al., 1974) onlaps the Lachlan Fold Belt.
depositional, rather than structural.

Thus the western boundary of the basin is
Geophysical surveys have shown that the

southeastern boundary of the Sydney Basin is marked by the continental shelf or
slope (Mayne et al., 1974).

It covers an area of about 36,000 km2 of which 16,000

km2 is offshore (Mayne et al., 1974).
The tectonic evolution of the Sydney Basin took place from the Late
Carboniferous to Early Jurassic, but the Sydney Basin did not adopt its present
configuration until the mid-Permian when the Hunter-Mooki Thrust System developed
(Herbert, 1980a).

Various theories have been proposed to explain the present

structural setting of the basin (reviewed by Harrington, 1982; Murray, 1990; and
Scheibner, 1993).

The theory proposed by Fielding (1990), Fielding et al. (1990)

and Murray (1990; see also Baker et al., 1993) for the Bowen Basin can be applied
to the whole Sydney-Bowen basin (Scheibner, 1993) and is adopted as a tectonic
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framework m which to interpret the stratigraphy and sedimentological data m this
study.
The Sydney-Bowen Basin had an Early Permian extensional phase which
formed a series of rifts, mostly in the northern part of the basin (Fielding, 1990). A
post-rift cooling phase occurred in the late Early Permian to early Late Permian
-which caused a major transgression across the basin.

In the Late Permian to Early

Triassic, a foreland setting formed due to the flexural downwarping caused by
thrusting and magmatic loading in the New England Fold Belt (Scheibner, 1974,
1993; Herbert, 1980a; Jones et al., 1984; Fielding, 1990; Baker et al, 1993; Figure
1.2).

Foreland basins are defined as sedimentary basins lying between the front of a
mountain chain and the adjacent craton (Allen et al., 1986).

Dickinson (1974)

formally introduced the term foreland basin and proposed two genetic classes: ( 1)
peripheral foreland basins, situated against the outer arc of the orogen during
continent-continent collision; and (2) retro-arc foreland basins, which developed
behind magmatic arcs, linked with subduction of oceanic lithosphere, and exhibit a
marked asymmetry.

The Sydney Basin belongs to the latter category.

In this

context, the Lachlan Fold Belt represents the cratonic continental lithosphere and the
New England Fold Belt exhibits a magmatic arc character which is related to the
subduction of the oceanic crust (Hunt & Hobday, 1984; Figure 1.2).

The Hunter-

Mooki-Goondiwindi Thrust shows the present boundary between the former magmatic
arc and the sedimentary succession of the Sydney Basin (Scheibner, 1974).
The Sydney Basin succession is thickest adjacent to the New England Orogen
(Figure 1.2) where up to 5900 m of strata are present in the north (Mayne et al.,
1974).

The southern Sydney Basin represented a more stable part of the basin

compared with the northern part, which was closer to the active New England Fold
Belt.
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1.2

DEPOSITIONAL DEVELOPMENT AND STRATIGRAPHY OF THE
SYDNEY BASIN

The first published work on the Sydney Basin appeared in the middle of nineteenth
century by Clarke (1847) who was the first person to recognise the Sydney Basin as
a geological entity. Since then, geological studies in the Sydney Basin have steadily
become more advanced.
Sedimentary strata contained in the Sydney Basin range in age from Late
Carboniferous to Middle Triassic (Bembrick & Lonergan, 1976; Bembrick et al.,
1980; Herbert,

1980a; Table 1.1).

Late Devonian strata occur beneath the

Carboniferous strata on the northern margin of the basin and may also be present at
depth in some places, especially in the Hunter Valley area (Bembrick et al., 1980).
Carboniferous sequences are mostly absent in more southerly areas where PermoTriassic successions rest directly on a Palaeozoic basement of granitic, volcanic and
low grade metamorphic rocks and folded Late Devonian sedimentary strata.
A summary of the stratigraphy and depositional environments of the southern
part of the Sydney Basin succession is given in Table 1.2. In the southern Sydney
Basin, Permo-Triassic strata lie unconformably on the much older Palaeozoic
basement rocks (Runnegar, 1980; Fielding & Tye, 1994).

The alluvial (Clyde Coal

Measures) and shallow marine (Wasp Head Formation) deposits of the Talaterang
Group form the oldest rocks in the southern Sydney Basin (Fielding & Tye, 1994;
Tye & Fielding, 1994; Table 1.1).

They have probably been deposited in an early

extensional phase of Sydney Basin development.
The Talaterang Group is unconformably succeeded by the Shoalhaven Group
strata (Fielding & Tye, 1994; Tye & Fielding, 1994). In the southern Sydney Basin,
the Shoalhaven Group starts with coarse alluvial deposits (Y adboro and Tallong
Conglomerates) which acted as source for the marine deposits of the Pebbley Beach
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and lower Snapper Port Formations (Fielding & Tye, 1994; Tye & Fielding, 1994).
The Talaterang Group and basal sequence of the Shoalhaven Group (Yadboroff allong
Conglomerates, Yarrunga Coal Measures and Pebbley Beach Formation) were not
deposited in the central and western parts of the basin (Table 1.1), probably due to
its high topographic level, however, in the northern part, shallow marine strata of the
Dalwood Group were deposited during this time (Table 1.1).

The Talaterang Group

and basal part of the Shoalhaven Group are also similar to the coeval units in the
Bowen Basin (Fielding et al., 1990; Baker et al., 1993; Fielding & Tye, 1994). The
mainly shoreface sandstones of the Snapper Point Formation grade. into and overlies
the Yadboroffallong Conglomerates, Clyde Coal Measures and Pebbly Beach
Formation. The Snapper Point Formation is present in southern, central and western
parts of the basin and

shows together with the W andrawandian Siltstone the

maximum marine transgression in the southern Sydney Basin (Herbert, 1980b;
Fielding & Tye, 1994).

The Snapper Point Formation is equivalent to the Greta

Coal Measures in the northern part of the Sydney Basin (Table 1.1).
The upper part of the Shoalhaven Group (Nowra Sandstone, Berry Formation
and Broughton Formation and Budgong Sandstone) in the southern, central and
western parts of the Sydney Basin represent mainly shallow marine deposits (Herbert,
1980b; Runnegar, 1980; Fielding & Tye, 1994; Tye & Fielding, 1994; LeRoux &
Jones, 1994).

The equivalent sequence in the northern part of the basin (Maitland

Group) also represents a shallow marine environment (McClung, 1980).

It is

envisaged that the subsidence which resulted in the marine transgression of the upper
part of the Shoalhaven Group and its equivalent units was produced by the post-rift
cooling phase in the Sydney Basin.
Active uplift of the New England Orogen produced molasse-type sedimentation
in the basin, particularly in the north, causing a major regressive phase at the end of
the Shoalhaven Group. As a result, thick coal-bearing sequences were deposited in
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swampy-deltaic environments in the basin.

The Illawarra Coal Measures were

deposited in central, southern, southwestern (previously called Wollondilly Coal
Measures) and western (previously called Lithgow Coal Measures) parts of the basin.
To the north the equivalent Singleton Supergroup includes the Tomago, Wittingham,
Newcastle and Wollombi Coal Measures (Table 1.1). The formation of coal-bearing
sequences was terminated by inundation of a large area of the Sydney Basin and
deposition of lacustrine, fluvial and floodplain deposits (W ombarra Shale and Coal
Cliff Sandstone in the southern part, Caley Subgroup in the western part and
Dooralong Shale in the northern part of the basin).
Sediments of the lower Narrabeen Group in the northern, central and southern
parts of basin were mostly derived from the New England Fold Belt but, toward the
west, cratonic derived materials were shed to the basin as well (Ward, 1972).

Up-

section, the amount of Lachlan Fold Belt derived deposits increases, indicating less
activity and denudation of the New England Fold Belt and relative uplift of the
craton to the west.

Towards the end of Narrabeen Group sedimentation, input of

coarse-grained sediments into the basin markedly decreased and the fine-grained Bald
Hill Claystone was deposited in a large area.

Several slight marine transgressions

occurred at the end of Narrabeen Group sedimentation, especially in the northeastern
part of the basin (Bunny & Herbert, 1971; Herbert, 1993a, b; Naing, 1990, 1993).
The fluvio-deltaic coal-bearing sequence and mainly fluvial strata of the Narrabeen
Group were deposited during foreland tectonic setting of the Sydney Basin.
A dramatic change of sedimentation pattern in the Sydney Basin occurred when
the Lachlan Fold Belt underwent uplift in the south-southwestern part of the basin.
The northerly flowing braided river sediments of the Hawkesbury Sandstone
(Conaghan, 1980; Jones & Rust, 1983; Rust & Jones, 1987) and its associated flood
plain deposits (Mittagong Formation) were deposited over the Narrabeen Group
strata.
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The uppermost unit of the thick Permo-Triassic sequences of the Sydney Basin
1s the Wianamatta Group.

This Middle Triassic sequence (Helby, 1973) mostly

represents coastal plain environments and marks the last preserved phase of
deposition in the Sydney Basin.

1.3

RECENT

DEVELOPMENTS

IN

STRATIGRAPIDC

AND

BASIN

ANALYSIS
In the past, rock units in the Sydney Basin were mainly assumed to be layers with
sharp boundaries and extensive areal distribution.

Contemporary stratigraphic

analysis now requires an entirely new approach for defining, correlating and
interpreting stratigraphic units. The main basin filling units are recognised now to be
genetically related strata termed sequences, which formed due to allocyclic processes
in the basin. The sub-units (formations) in the sequences are not necessarily laterally
extensive as was thought in the past.

Analysis of these sequences involves the

recognition of lithofacies, hierarchical bounding surfaces and architectural elements
and depositional systems including their lateral and vertical distribution.
basin analysis have also advanced in the last few years.

Methods in

For example, contrary to

previously held hypotheses, new data have revealed that in the foreland basins (e.g.
the Sydney Basin) conglomeratic units can form during tectonically quiescent periods
whereas thick sequences of fine-grained units may form during culminations of the
tectonic activity (see section 2.6 for discussion).
One of the main purposes of this study is re-evaluate the development of part
of the southern Sydney Basin succession in relation to autocyclic and allocyclic
processes. In this regard, the Narrabeen Group, which is mainly composed of fluvial
channel and floodplain deposits was selected.
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1.4

LOCATION OF THE STUDY AREA

The Narrabeen Group in the southern part of the Sydney Basin, includes all the
strata above the Bulli Seam, the most economically exploited coal seam in this area,
and below the Hawkesbury Sandstone, one of the biggest fluvial systems in the
world.
The study area 1s located in the Illawarra district of New South Wales,
Australia (Figure 1.1 ).

It includes outcrops from the sea cliffs and shore platforms

between Scarborough and Garie North Head and inland outcrops in road and railway
cuttings (Figure 1.3). The succession dips gently to the north (about 5° or less); the
lowermost unit is exposed at sea level in the Clifton area and the rest of the
sequence is accessible northward towards Garie North Head (Figures 1.4-1.5).

This

area was selected as the excellent outcrops provide opportunities to carry out 3dimensional architectural analyses of facies.

1.5

PREVIOUS STUDIES

The history of Narrabeen Group nomenclature was discussed by Hanlon et al. (1952)
and Ward (197la). Here a brief summary of the previous history and stratigraphy of
the succession is given.
Clarke (1870, cited m Hanlon et al., 1952) noted purple beds highly charged
with iron (? Bald Hill Claystone) under the Hawkesbury Sandstone.

In 1887, he

attempted to subdivide the Sydney Basin strata, noting that "over the uppermost
workable coal measures .. .is deposited a series of beds of sandstone, shale and
conglomerate ... to the upper part of which series I have given the name Hawkesbury
Rocks" (cited in Ward, 1971a, p. 36).
sequence but he did not name them.

Clarke was referring to the Narrabeen

David (1887) called these strata the "passage

beds" between the underlying coal measures and the overlying Hawkesbury
Sandstone. Wilkinson ( 1888) talked about disturbance of the coal measures "prior to
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their being overlain by the Narrabeen Shale-beds and Hawkesbury Formation".
Thus, it seems that this was the first use of the term Narrabeen for these strata.
Later, Wilkinson (1890) used "Narrabeen Series" for the sequence overlying the coal
measures.
Until 1932, the Narrabeen strata (also assigned bed, stage and series status)
were included in the Hawkesbury Series.

David (1932) subdivided the Hawkesbury

succession into three series including the Narrabeen, Hawkesbury and Wianamatta.
Pioneering work of Raggatt (1938) in the Gosford-Wyong area showed a three-fold
subdivision of the Narrabeen Series.
Hanlon et al. ( 1952) revised the nomenclature of the Mesozoic strata in the
Sydney Basin and subdivided them into three groups.

The Narrabeen Group was

defined as the interval of strata above the Illawarra or Newcastle Coal Measures and
below the base of the Hawkesbury Sandstone (Hanlon et al., 1952). The first major
investigation on the stratigraphy of the Narrabeen Group was carried out by Hanlon
et al. (1953) who formally introduced seven stratigraphic subdivisions in this group

in the coastal strip between Scarborough and Curracurrong (subject of this study).
Thus, the Narrabeen Group was subdivided in two different areas, the NarrabeenWyong district based on work of Raggatt ( 1938) and the south coast as suggested by
Hanlon (1952, 1953).
In the western part of the basin, the Narrabeen Group shows a different
stratigraphy which was studied by Crook (1956, 1957) who subdivided it into three
rock units. Further studies on the Narrabeen Group allowed revision of the previous
nomenclature.

The presently accepted nomenclature of the Narrabeen Group in the

southern part of the Sydney Basin, and its correlation to the northern and western
parts of the basin, is given in Table 1.3.
Diessel et al. ( 1967) were the first to carry out a detailed sedimentological
study on the lowermost sandstone unit of the Narrabeen Group (Coal Cliff
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Sandstone).

The first detailed sedimentological and petrological study of the whole

Narrabeen Group was carried out by Ward (1971a, 1971b, 1972, 1980).

He

interpreted the depositional environments and provenance of the Narrabeen Group
deposits.

Herbert ( 1980a) gave a summary of the depositional development of the

Sydney Basin including the Narrabeen Group succession. The previous works related
to this group are summarised in Table 1.4.

1.6

AIMS OF THIS STUDY

The only previous detailed sedimentological work on the Narrabeen Group strata was
carried out in the early 1970s by Ward (1971a, 1972).

Reynolds (1988) also

examined the N arrabeen Group strata in regard to its petroleum reservoir potential.
Since then, our understanding about the tectonic setting of the Sydney-Gunnedah
Basin has markedly improved and the science of sedimentology and basin analysis
also has greatly advanced.

Therefore, the primary aim of this study is to re-

examine the sedimentology of the N arrabeen Group strata in the southern part of the
basin in terms of modem sedimentological and stratigraphic concepts.

The main

methods and aims are:
1.

to describe the characteristics of the preserved sedimentary facies;

2.

to determine and interpret lithofacies in the individual units;

3.

to identify the depositional systems recorded in the succession;

4.

to interpret palaeogeography of the individual depositional systems;

5.

to delineate stratigraphy of the studied succession based on genetic
relationships between the strata;

6.

to delineate the depositional evolution of the Narrabeen Group in relation
to the whole Sydney Basin;

7.

to evaluate the Narrabeen Group development based on new concepts m
foreland basins evolution; and
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8.

to asses the viability of sequence stratigraphy concepts m the analysis of
fluvial successions.
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CHAPTER TWO
CONCEPTS USED TO EVALUATE THE NARRABEEN
DEPOSITIONAL SEQUENCE

2.1

FACIES ANALYSIS

The word facies is now used both for description and interpretation purposes.

The

exact meaning of this word has been the subject of considerable debate (e.g. Moore,
1949; Krumbein & Sloss, 1963). The modem sedimentological use of facies and their
resultant depositional systems was discussed by Wilson (1975), Galloway and Hobday
(1983), Walker (1984), Anderton (1985), Reading (1986), Miall (1990), Davis (1992)
and Walker and James (1992). Walker (1992, p. 2) defined facies as "a body of rock
characterised by a particular combination of lithology, physical and biological structures
that bestow an aspect (facies) different from the bodies of rock above, below and
laterally adjacent".
Features of modem sedimentary environments and ancient sedimentary rocks can
be combined and used as facies models that characterise a particular sedimentary
environment. Facies models are interpretive devices that can be used to explain facies
associations.

Facies models should have four functions: act as norm, framework,

predictor and interpreter (Walker, 1992).

Facies analysis is a powerful tool for

recognising and interpreting sedimentary environments.

The most commonly used

method of facies analysis is vertical profile analysis, as described by Visher (1965) but
modern studies have illustrated the importance of 3-dimensional facies analysis.

2.2

BOUNDING SURFACES AND ARCHITECTURAL ELEMENTS ANALYSIS

As Walker (1984) and Reading (1986) discussed, the vertical profile alone clearly is
not a reliable device for interpreting a depositional sequence. Recent work on fluvial
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deposits has shown that vertical profiles are inadequate in fluvial interpretations, since
these deposits are not vertically and laterally uniform or continuous (Miall, 1985a,
1988a, b). Miall (1985a, 1988a, b), following earlier work of Allen (1983), Ramos and
Sopena (1983), Haszeldine (1983) and Brookfield (1977, 1979), proposed the concept
of "bounding surfaces and architectural element analysis" which is the current
method commonly used for studying fluvial deposits.

These architectural elements

form parts of depositional systems equivalent in size to, or smaller than, a channel fill
and larger than an individual facies unit.

Each architectural element exhibits a

distinctive facies assemblage, internal geometry, external form and sometimes vertical
profile (Miall, 1992c).

Miall proposed eight basic types of architectural elements m

fluvial deposits (Table 2.1).
Based on work of Jackson (1975), bedforms in fluvial deposits could be grouped
into three orders of time scale and physical scale (Miall, 1985a, 1988a). Microforms
are structures produced with a time scale in the order of seconds to hours and physical
size in the order of centimetres (e.g. small ripple marks and current lineation; Miall,
1985a). Mesoforms are at least one scale larger than microforms and their physical
scale varies in the order of decimetres to metres. They are the product of what Jackson
(1975) termed "dynamic events" such as seasonal floods.

Example of mesoforms in

fluvial systems are 2-D dunes (using the terminology of Ashley, 1990), such as gravelly
longitudinal bars and sandy linguoid and transverse bars, and also 3-D dunes like sand
waves.

Macroforms are the product of long-term (tens to thousands of years)

accumulation of sediments and typically consists of superimposed microform and
mesoforms (Miall, 1988a). In fluvial deposits, point bars, side bars, sand flats and midchannel islands can be grouped in macroforms. Macroforms are at least one order of
magnitude larger than mesoforms.
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2.3

LITHOFACIES CLASSIFICATION

It has been found that fluvial deposits are mostly composed of a limited number of
lithofacies (about 20) that were discussed by Miall (1977, 1978b) and Rust (1978b).
Lithofacies nomenclature in this study follows the system proposed by Miall (1977,
1978b).

Massari (1983), following Miall's system, introduced the "Ge" lithofacies,

which represents intraformational conglomerate that fills scours. Casshyap and Kumar
( 1987) and Bromley ( 1991) used a Sm lithofacies for massive sandstone.
In this method of classification, lithofacies are defined based on grain size and
sedimentary structures. During the present study, the author realised that several new
lithofacies needed to be defined for the description and interpretation of the preserved
rocks.

Table 2.2 shows the lithofacies identified in this study; in this table newly

defined lithofacies are marked by an asterisk.

2.4

PALAEOCURRENT MEASUREMENTS

Planar and trough cross-bedding are the most common palaeocurrent indicators in the
area studied.

Current ripple marks, sole marks, pebble imbrication, parting lineation

and fossil logs are also present in the succession and are used for measurements of
inferred palaeoflow direction. As the strata show only a small amount of tilting (about
5° or less), no tilting correction was made on measured palaeocurrent indicators.
On the shore platforms and in some places on the outcrops along the coast, the
units can be seen in three dimensions. In these cases, axes of trough cross-beds give
a similar palaeocurrent direction compared to the foresets of the planar cross-bedding.
The reliability of cross-bedding as a palaeoflow indicator was critically examined by
Meckel (1967), Dott (1973), High and Picard (1974) and Miall (1974, 1976).
As High and Picard (1974) noted, trough cross-stratification axes are normally
unimodal, coincident with the channel direction, and have a small degree of scatter,
whereas, planar cross-stratification exhibits a wider range of scatter.

Smith (1972)
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documented that flow over transverse bars (planar cross-bedded) shows high diversion.
Size of the sedimentary structures are important in overall palaeocurrent measurements
as well, for example sandwaves in modern rivers and their resultant trough cross-bedded
sandstones in ancient deposits are more reliable compared to smaller sized structures like
ripple marks (Miall, 1974).
Pebbles and fossil log orientations also have been used as a palaeocurrent
indicators, however, it is believed that pebble orientation alone is not a good indicator
of palaeoflow direction in fluvial deposits, unless 3-D outcrops with large pebbles
isolated on sand beds are available (c f. Rust, 1972b).

Fossil logs may show two

different palaeocurrent directions, one coincident with the palaeocurrent direction
measured with aid of other sedimentary structures, and the other, almost perpendicular
to the true palaeocurrent direction. It is postulated that the former logs are transported
as floated logs (c f. Fritz & Harrison, 1985), and were deposited during waning flood
stage parallel to the streams, and the latter trunks rolled over the host bedforms in the
channel and deposited with a high angle to the river direction.

2.5

FIELD WORK METHODS

Vertical sections were measured by usmg the chart shown in Appendix 1.1.

Field

information like grain-size, sedimentary structures, palaeocurrent directions, cross-bed
thickness, sorting and roundness of sediment particles were recorded on the predesigned sheets and used for vertical profile analysis and environmental interpretation.
Photomosaics of the entire length of outcrops were taken by using a boat. It was
found that these photographs were very useful, as they show lateral and vertical
variation and extension of individual lithosomes. However, photographs taken by boat
show distortion due to lateral movement of the boat and curvature of the outcrops. The
technique explained by Wizevich (1991) for avoiding perspective distortion was difficult
to apply in this situation. Photomosaics taken by using a helicopter (taken and provided
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by David Titheridge from KCC) from the Coal Cliff Sandstone exhibited a smaller
amount of distortion and were used for analysis of architectural elements and bounding
surfaces of these units.
Overlapping photographs were taken from selected parts of the sandstone units by
using the methods of Allen (1983) and Wizevich (1991).

Removable overlays of

transparent paper were attached to the photos. Details of palaeocurrent data, lithofacies,
sedimentary structures, and bedding contacts were recorded on the overlays.

Direct

information was taken from the lower parts of the units and, where necessary, additional
information from the upper parts of the units were obtained using a pair of binoculars.
As the coastal outcrops are far from any road, a ladder was not used in this study.
The other technique employed in this study was filming the outcrops using a video
camera with zoom power of ten. This technique made it possible to record structures
as big as whole outcrops and as small as ripple marks and trace fossils. The advantage
of this method is that a vast amount of information can be stored in a single cassette
and examined over and over.

2.6

GENETIC STRATIGRAPHY

The traditional method of stratigraphy was to assume that rock units formed extensive
layers with sharp boundaries and the distinctive units were termed groups, formations
and members based on lithology and fossil content. The many new findings in geology
now permit and, indeed, require a completely different, genetic approach to stratigraphic
analysis (Galloway & Hobday, 1983; Miall, 1990; Hamilton, 1993).
Currently two concepts are used for genetic studies of sedimentary successions;
sequence stratigraphy, and genetic stratigraphic sequences.

Sequence stratigraphy has

been widely used in recent years and it is currently one of the most rapidly developing
areas of sedimentary geology (Miall, 1990). Several books and symposium proceedings
have been exclusively devoted to this concept (e.g. Payton, 1977; Bally, 1987;
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Nummedal et al., 1987; Wilgus et al., 1988; James and Leckie, 1988; Van Wagoner et
al., 1990; Posamentier et al., 1993). The concept was also discussed by: Sloss, 1988;

Miall, 1991a, 1992a, b; Walker, 1990, 1992; Schlager, 1991, 1992, 1993; Posamentier
and Allen, 1993; Posamentier and James, 1993b; Figure 2.1).

A major problem of

applying sequence stratigraphy in the southern Sydney Basin is the scarcity and/or
unavailability of seismic data for extending sequence boundaries away from the outcrops
and borehole date reports.
The genetic stratigraphic sequence concept, on the other hand, is similar to
sequence stratigraphy, but it was developed by Galloway and Hobday ( 1983) and
Galloway (1989a, b) based on the depositional episode concept of Frazier (1974). The
main difference between the two concepts is in the nature and place of the sequence
boundaries (Figure 2.2).
The concept of sequence stratigraphy was originally defined, developed and applied
in seismic stratigraphy through the 1960's and 1970's by Exxon Production Research
Company (e.g. Vail et al., 1977; Mitchum et al., 1977). The approach originated from
the work of Sloss et al. ( 1949), which itself referred back to earlier work (cited in
Sloss, 1988). The fundamentals of sequence stratigraphy and key definitions were given
by Vail et al. (1977), Vail '(1987; Figure 2.1) and Van Wagoner et al. (1988, 1990) who
defined

sequence

stratigraphy as

"the

study

of rock relationships

within

a

chronostratigraphic framework of repetitive, genetically related strata bounded by
surfaces of erosion or non-deposition or their correlative conformities" (Van Wagoner
et al., 1988, p. 39).

Depending on the magnitude of a sea level fall, two kinds of unconformities were
defined in the framework of sequence stratigraphy (Van Wagoner et al., 1988, 1990).
If the sea level fall is faster than basin subsidence, a type-1 sequence boundary will

form which is recognisable by a regional unconformity indicating subaerial exposure and
concurrent erosion, basinwide shift in facies and onlapping shallower deposits on deeper
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strata.

Type-2 unconformities occur when eustatic fall is less than basin subsidence,

they lack subaerial erosion associated with stream rejuvenation and are less extensive
than type-1 unconformities.
The two above mentioned stratigraphic concepts were mostly defined and
developed in shallow marine and shelf deposits, where their boundaries are produced and
controlled by sea level changes.

Thus, they are poorly defined landward of the

shoreline and it seems that these concepts have limited use in terrestrial aggrading
basins like the southeastern part of the Sydney Basin in which hinterland tectonism was
the major control of in basin development (Herbert, 1980a). But, as Schlager (1991,
1992), Boyd and Diessel (1994) and Shanley and McCabe (1994) discussed, the concept
has potential to be applied to non-marine deposits as well.

Numerous authors have

already applied this concept to terrestrial strata, for example; Hanneman and Wideman
(1991), Aigner and Batchman (1992), Aitken and Flint (1993), Brakel et al. (1993),
Posamentier and James (1993a), Posamentier and Allen (1993) and Lang (1993). In the
non-marine situation, the space for accumulation of the sediment (accommodation) is
essentially controlled by base level changes which are not necessarily sea-level
controlled but could reflect local subsidence of the basin, or crustal flexure. In foreland
basins for example, loading of the thrust margin and uplifting of the hinterland area may
give rise to apparent sea-level changes.
Olsen and Larsen (1993) and Cojan (1993) in multidisciplinary studies noticed that
both tectonism and climate controlled fluvial deposition in the Devonian strata in
northeast Greenland and Upper Cretaceous/Palaeocene deposits in the Provence Basin
in France, respectively.

Miall (1980) also argued that tectonism and climate of

hinterland area control fluvial deposition in many cases.

Schumm (1993) discussed

how sea level fluctuation can affect flu vial sedimentation up-stream. K vale and ,Vondra
(1993), in a case study in the Bighorn Basin, Wyoming, USA, concluded that sea-level
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fall produced a regional unconformity and associated channel sandstones, while sealevel rise caused back-filling of the drainage system with estuarine deposition.
As mentioned by Miall (1986, 199la, 1992a, b), Underhill (1991), and Posamentier
and Allen (1993) one of the deficiencies of the sequence stratigraphic model is not
considering other factors, particularly tectonism in the basin development processes.
Fielding (1993a) noted that valley incision and fill can also be produced by processes
other than fluctuations in the sea-level. In fact, tectonism, climate and sediment supply
are among the other factors controlling fluvial sequences, as was discussed by the
following authors; Hall (1990), Besly and Collinson (1991), Jones (1991), Miall (199lb),
Razanen et al. (1992), Turner (1992), Frostick et al. (1992), Fielding (1993a), Fielding

et al. (1993), Olsen & Larsen (1993), Cojan (1993), Massari et al (1993), Hartley
(1993), Damanti (1993) and Lang (1993).
In tectonically active basins (particularly foreland basins), loading of the thrust
margin due to tectonism, and associated subsidence due to crustal flexuring, could play
a major role in the production and dispersal of detritus (e.g. Jordan et al., 1988; Heller

et al., 1988; Paola et al., 1992; Brakel et al., 1993; Dominic, 1993; Hovius, 1993;
Posamentier & Allen, 1993). Gordon and Bridge (1987) studied fluvial strata deposited
in a foreland basin and concluded that eustasy only had a minor influence on
transgressive-regressive sequences in comparison to the tectonic uplift, subsidence and
sediment supply. Massari et al. (1993) also emphasised the role of tectonic activity of
the hinterland as a major controller in producing cyclical deposition of terrestrial
deposits in the Venetian foreland basin, Italy. Hartley (1993) concluded that hinterland
tectonism controlled fluvial sedimentation in the Purilactis Formation of northern Chile.
Damanti (1993) emphasised the drainage pattern network and its evolution as a
controlling factor for the sequences in foreland basins. In fact, each sedimentary basin,
based on its tectonic setting and history, shows a distinctive assemblage of depositional
systems and facies (sequence), reflecting both autocyclic and allocyclic controls on the
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basin. Sea level change is only one of the factors that can cause the development of
the sequences (Miall, 1986, 1991a, 1992a, b; Schlager, 1991, 1992, 1993; Posamentier
& Allen, 1993).

The term depositional sequence used in this study refers to a relatively
conformable succession of strata generated by genetically related processes and bounded
below and above by unconformities or hiatal surfaces.

Here, the sedimentological

meaning of the unconformity is applied for sequence boundary definition.

In this

regard, unconformity surfaces indicate changes in sediment input patterns and dispersal
in the basin and thus, represent a basin-wide change in facies (McCabe & Shanley,
1993). Van Wagoner et al. (1990) presented four criteria for recognition of sequence
boundaries in core and outcrops.

Of these, basinwide shift in facies and erosional

truncation marked by soil and/or root horizons conform with the sequence boundary as
defined here (cf. McCabe & Shanley, 1993; Lang & Fielding, 1993). Hanneman and
Wideman ( 1991) studied a continental sequence using sequence stratigraphic concepts
and considered calcic palaeosol horizons as sequence boundaries since eustatically
produced boundaries did not exist. Hamilton and Tadros (1994) and Boyd and Diessel
( 1994) suggested that coal seams can be considered as genetic sequence stratigraphic
boundaries in non-marine deposits.
It is postulated that tectonic activity of the hinterland areas played a key role in

producing and controlling not only the Narrabeen depositional sequence, but also, other
preserved depositional sequences in the Sydney Basin (Herbert, 1980a). Schlager (1992)
noted that tectonic changes in the hinterland area are important factors in generating
sequences and system tracts. Paola et al. ( 1992), Heller and Paola ( 1992), Posamentier
and Allen (1993) and Schlager (1993) all emphasised the role of sediment supply and
flux (related to hinterland tectonics) as an important controller in the formation of the
depositional sequences, beside the generation of accommodation space (related to eustasy
and sea-floor subsidence/uplift).
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2.7

BOUNDARIES OF THE NARRABEEN DEPOSITIONAL SEQUENCE

2.7.1 LOWER BOUNDARY
In the past, the base of the Coal Cliff Sandstone which is the lowermost unit of the
Narrabeen Group (Hanlon et al., 1953) was considered to be a widely developed
regional boundary (Herbert, 1980a, 1993a; Branagan et al., 1976; Ward, 1971a, 1972;
Bowman, 1974; Bunny, 1972).

However, in the Coalcliff area, this boundary is

recognised as a localised feature (Clark, 1992), with the Coal Cliff Sandstone and
equivalent coarse-grained units occurring as lenses.
Since. the Coal Cliff Sandstone is not a laterally continuous blanket-type deposit,
the erosional surface at the base of the unit is considered to represent a localised scour
surface produced by the Coal Cliff channel(s); thus, it cannot be considered as the base
of the Narrabeen depositional sequence. The Coal Cliff Sandstone is part of a bigger
depositional system which in this study is called the Wombarra depositional system.
All the strata above the Bulli Coal and under the Scarborough Sandstone (including the
Coal Cliff Sandstone and Otford Sandstone Member) belong to the Wombarra
depositional system.
In the southern Sydney Basin, the Wombarra depositional system mostly composed

of floodplain/lacustrine deposits with locally developed fluvial strata.

Its equivalent

strata in the western part of the basin (Caley Subgroup) also are mostly composed of
fluvial and floodplain deposits (Bembrick, 1980). However, towards the north where
the subsidence rate was higher marine incursions occurred in the equivalent Dooralong
Shale (Herbert, 1993a, b).
The Wombarra depositional .system lithologically can be correlated to the Upper
Black Jack alluvial/lacustrine system (Hamilton, 1991, 1993; Tadros, 1993b) in the
Gunnedah Basin.

Like the southern Sydney Basin, the Upper Black Jack

alluvial/lacustrine system was deposited above a wide-spread coal seam (the Hoskissons
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Coal) and is unconformably overlain by the Early Triassic Digby alluvial system
(Hamilton, 1991, 1993; Jian & Ward, 1993).

Previously, the Hoskissons Coal was

correlated to the Bayswater, Woonona Coal Member and Lithgow Coal in the Sydney
Basin (Hunt, 1981; Beckett, et al. 1983; Hunt et al., 1986). Both the Hoskissons and
Bulli Coals are wide spread units which are overlain by Late Permian fluvial/lacustrine
and floodplain deposits (Hamilton, 1991, 1993; Tadros, 1993a; Hamilton & Tadros,
1994; Helby, 1973; Ward, 1972; Reynolds, 1988). The latter are unconformably covered
by the Early Triassic Digby alluvial system (Hamilton, 1993; Tadros, 1993b; Hamilton
& Tadros, 1994) in the Gunnedah Basin and the Early Triassic Scarborough Sandstone
and Munmorah Conglomerates (Helby, 1973; Herbert, 1980a) in the southern and
northern parts of the Sydney Basin respectively (Table 2.3). It is also possible that the
Breeza Coal and its correlative in the Gunnedah Basin can be correlated with the coalbearing strata in the Wombarra Shale which occurs in Heathcote-Sutherland area (Bunny,
1972, p. 56) or an unnamed seam recently found in the Comleroy Formation (Hill et

al., 1994) in the central Sydney Basin, which is stratigraphically above the Bulli seam
and a correlative of the Wombarra depositional system (Table 2.3). It is postulated that
the W ombarra depositional system also correlates with the upper part of the Rangal Coal
Measures and its equivalent (Baralaba Coal Measures and Bandanna Formation; Fielding

et al., 1990; Baker et al., 1993) in the contiguous Bowen Basin.
As discussed by Boyd and Diessel ( 1994), several criteria may be used to
determine sequences boundaries in non-marine environments including; erosional
unconformities at the base of laterally migrating fluvial channels; truncation of
underlying strata and emplacement of more proximal strata over a more distal sequence.
The above mentioned criteria, plus basinwide change in the lithofacies, are used here
to recognise sequence boundaries.

The main regional unconformity which forms the

base of the Narrabeen depositional sequence occurs at the base of the very coarsegrained unit, the Scarborough Sandstone (Table 2.4).

This surface shows the most
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marked lithofacies change in the southern Sydney Basin; it has truncated and eroded
underlying strata on a basinwide scale and marks initiation of a large progradation of
deposits from the northern part of the basin (Munmorah Conglomerate near the source)
and aggradation of equivalent deposits (Scarborough depositional system) in the study
area which comprises a more distal part of the basin. This interpretation conforms with
the result of Arditto (1991) who, by using mostly well log data, placed a major
sequence boundary at the contact between the Wombarra Shale and Scarborough
Sandstone. In the Gunnedah Basin, the Early Triassic Digby alluvial system (Hamilton,
1991, 1993; Jian & Ward, 1993), which is probably correlative to the Scarborough
Sandstone in southern part of Sydney Basin, is also a coarse-grained alluvial deposit
resting on a basin-wide erosional surface.
The sedimentological concept of an unconformity, which is used in this study for
determining sequence boundaries, has some similarity with the unconformity concept
used in sequence stratigraphy. Redefinition of the type-1 unconformity (Van Wagoner
et al., 1987) can proportionally increase the tectonic role on the production of a type-

1 unconformity compared to sea level fluctuations.

Also, Van Wagoner et al. ( 1988,

1990) suggested that, since basinwide shift in the facies is one of the criteria that can
be used to distinguish a type-1 sequence boundary, non-marine rocks such as braided
river systems can overlie a type-1 sequence boundary.

In the present study, it is

believed that sequence boundaries in the Sydney Basin were produced by tectonic
activity in the hinterland area and associated subsidence in the basin. Thus, the marked
change of facies in the southern Sydney Basin indicate that the sequence boundary
should be placed at the base of the braided fluvial deposits (Scarborough depositional
system). Lang (1993) and Lang and Fielding (1993) also used similar concept to place
sequence boundaries in the study of the Late Devonian Bulgeri Formation in the Broken
River Province, northeastern Australia.
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2.7.2 UPPER BOUNDARY
The Newport Formation was considered to be the topmost unit of the Narrabeen Group
(Hanlon et al., 1953; Bunny & Herbert, 1971; Ward, 1971a, 1972; Bunny, 1972;
Bowman, 1974) and the boundary between this unit and overlying Hawkesbury
Sandstone, was taken as upper boundary of the Narrabeen Group.
In this study the Bald Hill Claystone is considered to be the topmost unit of the

Narrabeen depositional sequence (see Chapter 7). The overlying Newport Formation
contains abundant trace fossils, plant fossils and symmetrical ripple marks that were
deposited in a lagoonal to marginal marine environment (Ward, 1972; Naing, 1990,
1993; Bunny & Herbert, 1971; Herbert, 1993a, b).

The Newport Formation has no

affinity to the rest of N arrabeen depositional sequence.

The sandstone units in the

Newport Formation are petrographically close to the overlying Hawkesbury Sandstone
and are interpreted as tongues of the Hawkesbury Sandstone heralding the approach of
the next depositional system, the Hawkesbury Sandstone and its floodplain succession
(Mittagong Formation; Table 2.4). The Newport depositional system, therefore marks
the base of the Hawkesbury depositional sequence.

The Bald Hill Claystone is

considered to represent the widespread floodplain deposits of the Bulgo Depositional
Complex (Table 2.4) that marks end of this phase of fluvial deposition in the
southeastern part of the Sydney Basin.
Thus, the boundary between the Bald Hill Claystone and the Newport depositional
system (including Garie Formation) is postulated as the upper boundary of the Narrabeen
depositional sequence.

This surface marks a limited marine incursion into the basin

(Naing, 1990, 1993; Herbert, 1993a) due to the subsidence rate being greater than sea
level fall, and also marks a decrease in terrestrial input to the basin due to denudation
of the source area in the New England Fold Belt. As this surface is basinwide, it is
considered to be a type-2 sequence boundary. Van Wagoner et al. (1990) stated that
type-2 sequence boundaries are rare in terrestrial basins.
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2.8

DEPOSITIONAL SYSTEMS IN THE STUDIED SUCCESSION

The depositional system concept is widely used in the literature though its principles
have never been formally stated (Miall, 1990). This method is based on Walther's Law
(i.e. only those environments and facies that are laterally adjacent in nature, could be
represented in the same order in a vertical stratigraphic profile; cited in Middleton,
1973) and the facies model concept for understanding depositional environments and
syndepositional tectonics that controlled their formation.
A depositional system, as used in this study, can be defined as a three dimensional
assemblage of process-related facies that was deposited in a particular environment and
is responsible for a substantial stratigraphic thickness (Fisher & McGowan, 1967;
Galloway & Hobday, 1983; Galloway, 1989a, b; Allen & Allen, 1990; Miall, 1990).
Depositional systems are the fundamental building blocks of basin fills, and their
interpretation is crucial in basin analysis (Miall, 1990).

Lithostratigraphically, a

depositional system corresponds to a formation or group status.
Detailed outcrop, core and well log studies are used herein to delineate the
depositional systems responsible for filling the southeastern part of the Sydney Basin.
Depositional systems in the Narrabeen depositional sequence were formed due to various
sediment pulses that were related to the depositional and tectonic events in the basin
(using terminology of Frazier, 1974). These events, in turn, are mainly related to the
renewed activity of the Hunter-Mooki Thrust system in the New England Fold Belt in
the northern part of the basin and also, with less extent, to the uplifting of the Lachlan
Fold Belt in the southwestern and western parts of the basin.
It is believed that flexure of the basement due to thrust loading in the northern
part of the basin and rebounding of the basement after removal of the loading was
possibly one of the factors controlling sediment dispersal patterns in part of the studied
succession. Heller et al. ( 1988) proposed a depositional model for foreland basins. In
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this model, two different stratigraphic styles may develop over time. One is related to
thrust-load emplacement in which coarse-grained deposits occur adjacent to the thrust
front and rapidly grade laterally into the fine-grained deposits that cover most of the
basin; this sudden change in facies is related to flexure of the basin floor. The second
style is related to the removal of the thrust-load by erosion and other processes resulting
in flexural rebounding of the thrust belt and adjacent foreland basin.

As a result,

proximal coarse-grained deposits are reworked and redeposited in the distal parts of
the basin. Some of the studied stratigraphic units in the southern part of the Sydney
Basin are believed to be produced by this mechanism (Scarborough Sandstone and lower
part of the Bulgo Sandstone).
As Blair and Bilodeau ( 1988) and Heller et al. ( 1988) argued, during periods of
tectonic quiescence, a reduction in subsidence rate in the basin might be expected that
will allow progradation of coarse units farther into the basin.

In this scenar10,

coarsening upward sequences are produced during reduced tectonic activity. In other
words, the coarse units are not syntectonic but they can be called antitectonic (using
terminology of Paola et al., 1992).

Lang (1993) and Lang and Fielding (1993)

interpreted multiple gravel deposits of the lower Bulgeri Formation in the north
Queensland, Australia, as anti-tectonic conglomerate produced by the above mentioned
process. It seems that in the proximal parts of foreland basins, coarse units could be
related to the heightened tectonic activity (syntectonic), as discussed by Rust and Koster
(1984), but in the distal parts of the basin the succession will be more complex.
Paola (1988), Paola et al. (1992) and Heller and Paola (1992) discussed the
interplay of different factors that control vertical grain size changes in alluvial basins.
They considered four basic variables that govern the filling of alluvial basins; input
sediment flux; subsidence rate, supplied gravel fraction, and diffusivity. It is believed
that each of these variables acted at some stages in the filling of the southern Sydney
Basin and they will be discussed in the forthcoming chapters.
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In this study, based on genetic relationships of the strata, three depositional
sequences, one depositional complex and six depositional systems are recognised in the
succession above the Bulli Coal and under the Hawkesbury Sandstone in the southern
part of the Sydney Basin (Table 2.4). The lowermost depositional system (Wombarra
depositional system) belongs to the underlying Illawarra Depositional Sequence, and the
uppermost system (Newport depositional system) belongs to the overlying Hawkesbury
depositional sequence. The Narrabeen depositional sequence includes the Scarborough
depositional system and Bulgo depositional complex. The Bulgo depositional complex
is divided into three depositional systems; lower, middle and upper Bulgo. Recorded
depositional systems, depositional environments and conventional lithostratigraphic names
are summarised in Table 2.4.
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CHAPTER THREE
BED-LOAD FLUVIAL DEPOSITS

3.1

INTRODUCTION TO FLUVIAL SEDIMENTOLOGY

The studied succession is mostly composed of fluvial strata, including in-channel and
floodplain deposits and their associated facies.

Three bed-load fluvial deposits, one

braidplain deposit, two mixed-load fluvial deposits and three floodplain deposits are
recognised in the studied succession. A very brief overview of fluvial sedimentology
is given below.
Allen (1965) and Miall (1977) presented historical reviews of fluvial sedimentology
and Miall ( 1982) published a useful book for analysing fluvial deposits.

The first

international conference on fluvial sedimentology was held in 1977 in Calgary, Canada,
and proceedings of this and subsequent conferences have been edited by Miall ( 1978a),
Collinson and Lewin (1983), Ethridge et al. (1987), Marzo and Puigdefabregas (1993)
and Fielding (1993b). Papers presented in these conferences significantly enhanced the
understanding of fluvial sedimentology.
Pluvial systems normally show a continuous spectrum of river types from the
proximal area to the distal parts (Bridge, 1985). Nevertheless, they can be categorised
into a number of discrete types: straight, anastomosed, meandering and braided (Figure
3.1). The last two types are commonly regarded as the main river types (Figures 3.2
& 3.3).

Two parameters can be used for defining the type of river in modem

situations- sinuosity and braiding index (Rust, 1978a)-but it is almost impossible to use
these parameters directly for ancient fluvial deposits.
The morphological elements of braided rivers are complex and are dominated by
two and three dimensional (2-D & 3-D) dunes that contribute to form mesoforms and
macroforms in the channel.

Based on work of Leopold and Wolman ( 1957) and
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Schumm (1963), Miall (1982) identified eight variables that interact to control channel
morphology: discharge (amount and variability); sediment load (amount and grain size);
width; depth; velocity; slope; bed roughness; and bank vegetation density. The reason
for braiding is not fully understood (Cant, 1982), but braided rivers tend to occur in
areas of steeper gradient (Leopold & Wolman, 1957), coarser sediments, highly variable
discharge and erodible banks. Braiding occurs when rivers leave behind those sediments
that they are not able to carry downstream (Leopold & Wolman, 1957).

Schumm

( 1968a) mentioned that braided rivers were probably more common before the Devonian
when land plants were not widespread and rivers had more erodible banks.

Miall

( 1978b) classified braided river deposits into six categories which, in fact, include
deposits of proximal to distal reaches of a fluvial system (Table 3.1; Figure 3.4).
Schumm (1963, 1968b, 1972, 1981) presented a different classification of fluvial
channels based on sediment load. He classified channels into bed-load, mixed-load and
suspended-load types (Figures 3.5 & 3.6). Braided rivers are considered to be mostly
of a bed-load type, whereas meandering and anastomosing rivers were thought to be
mixed-load or suspended-load types. Friend (1993) argued that sediment supply to a
given river can control the morphology of that river. As discussed by Miall ( 1977) and
Jackson (1978) there are many exceptions, as meandering rivers can carry coarse bedload as well (e.g. Forbes, 1983; Stanistreet et al., 1993).

3.2

BED-LOAD FLUVIAL DEPOSITS IN THE STUDY AREA

Three bed-load fluvial deposits are recognised in the studied succession.

They are

called bed-load fluvial deposits A, B and C in an ascending stratigraphic order. The
bed-load fluvial deposit A constitutes the Otford Sandstone Member of the Wombarra
depositional system and bed-load fluvial deposits B and C form the in-channel deposits
of the Scarborough depositional system and lower part of the Bulgo depositional
complex respectively.

The bed-load fluvial deposit B is discussed first as it is the
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coarsest grained unit and shows the greatest range of lithofacies in the studied
succession. The other two deposits are then compared with the bed-load fluvial
deposit B.
Concept of hierarchy of bounding surfaces was introduced by Brookfield ( 1977,
1979) and Allen (1983) and developed by Miall (1985a, 1988b). This concept was used
to study the mixed-load fluvial deposit A (see section 5.2.3 for full discussion) and the
bed-load fluvial deposit A (see section 3.2.2.3). This concept was not applied on the
bed-load fluvial deposits B and C due mainly to the lack of suitable exposures.
However, it is believed that the same six types of bounding surfaces that were found
in the mixed-load fluvial deposit A and bed-load fluvial deposit A are present in the
bed-load fluvial deposit B and C as well.

Furthermore, base of the bed-load fluvial

deposit B is a wide spread erosional surface in the Sydney Basin (see section 2.7.1) and
forms the lower boundary of the N arrabeen depositional sequence. Therefore, the base
of bed-load fluvial deposit B is envisaged to represent a seventh-order surface rather
than a sixth-order bounding surface.

3.2.1 BED-LOAD FLUVIAL DEPOSIT B
3.2.1.1

INTRODUCTION

The bed-load fluvial deposit B consists of the lower part of the Scarborough depositional
system (Scarborough Sandstone of Hanlon et al., 1953). It is the coarsest grained unit
in the Late Permian to Middle Triassic Narrabeen Group succession (Figures 3.7 & 3.8).
The bed-load fluvial deposit B has an erosional contact with the underlying floodplain
deposit A (upper part of the Wombarra depositional system) and a gradational contact
with the overlying floodplain deposit B (Stanwell Park Claystone; Figure 3.9). This unit
plus the overlying Stanwell Park Claystone together represent the basal depositional
system of the Narrabeen depositional sequence.

The lower boundary of this unit
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represents a maJor sequence boundary which has a basin-wide occurrence.

This

boundary was fully discussed in section 2. 7 .1.
Along the coast, the unit crops out from Coalcliff to Bulgo (Figure 1.1). The best
place for studying the lower part of the unit is north of Coalcliff Beach and south of
Stanwell Park Beach.

The middle part of the bed-load fluvial deposit B can be

examined to the north of Stanwell Park Beach. South of Bulgo the unit is exposed by
the Metropolitan Fault; in this locality the whole unit, particularly the upper part
(conglomeratic strata), can be studied in detail as horizontal shore platforms and
I

associated cliffs provide good three dimensional outcrops in this area.

Road cuttings

between Clifton and Coalcliff can also be used for studying this unit, though access to
these outcrops is difficult.
The bed-load fluvial deposit B (Scarborough Sandstone) has previously been
recognised as a fluvial deposit by Ward (1971a, 1972), Bunny (1972), Bowman (1974),
Jones (1986), Hamilton et al. (1987) and Reynolds (1988). In this study, the unit is reexamined in detail in order to determine the form and style of the rivers involved in the
deposition of this fluvial system. In this regard, lithofacies and architectural elements
of the unit are recognised. Interpretation of the unit is based on them. An attempt is
also made to calculate palaeohydrological characteristics of the river(s) involved.

3.2.1.2

FACIES IN THE BED-LOAD FLUVIAL DEPOSIT B

Lithofacies nomenclature in this study follows the system proposed by Miall (1978b),
who defined lithofacies based on grain size and sedimentary structures. The bed-load
fluvial deposit B is divided into 12 main lithofacies which are grouped into three facies
assemblages: conglomerate; sandstone; and fine-grained facies (Dehghani & Jones,
1994b).

Description and interpretation of each facies utilising mostly two, and more

limited three dimensional outcrops is given below.
shown in Table 3.2.

A summary of the lithofacies is
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3.2.1.2a

CONG LO MERA TE FACIES ASSEMBLAGE

Conglomerate comprises between less than 15% to more than 25% of the unit.

A

persistent polymictic conglomeratic unit with a thickness of more than 3 m occurs in
the upper part of the unit and is locally interbedded with sandstone lenses. The best
exposure for studying this conglomerate is south of Bulgo. Conglomerate occurs in six
lithofacies: massive to crudely bedded (Gm); matrix supported (Gms); planar crossbedded (Gp); trough cross-bedded (Gt); erosional scours filled with conglomerate (Ge);
and lag deposits (Gld).

Massive to Crudely-bedded Conglomerate (Gm)
One of the most common conglomerate facies in this unit is massive to crudely bedded
polymictic pebble-size conglomerate which is locally interbedded with sandstone lenses
(Figure 3.10).

Sheets and lenses of conglomerate, ranging in thickness between less

than 0.5 m to more than 2 m are present. The units normally exhibit an erosional basal
boundary and a gradational or truncated upper boundary.

In places horizontal

stratification is visible due to vertical changes in grain size, clast sorting and amount
of matrix. The average grain size is about 1 to 2 cm, but some clasts reach up to 8 cm
in diameter (Figure 3.11). Gravels are subrounded to well rounded and much of the
conglomerate is clast supported which usually prevents imbrication developing (Figure
3.11); nevertheless imbricated gravels are present and show locally consistent current
orientation, with the b-axis dipping upcurrent (cf. Middleton & Trujillo, 1984). The
lower part of the conglomeratic units often show clast supported conglomerate with
abundant ripped-up mudstone clasts, whereas in some places the amount of matrix
increases upwards and matrix supported conglomerate occurs at the top of these units.
Planar cross-bedded conglomerate sets also may show overall fining upward trend
(Figure 3.12). South of Bulgo, abundant fossil trunks are present in the sandstone and
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conglomerate. The logs in the sandstone are smaller and most are coalified (Figure 3.13)
and well preserved whereas trunks in the conglomeratic units are larger and either
coalified or petrified.

Abundant log casts also are present in the conglomeratic units

at Bulgo Beach as wave action has eroded away the original logs. Average length of
trunks is about 3 m, but trunks up to about 10 m in length were also recorded.
Interpretation: these conglomeratic units represent accumulation of gravel size

sediments when the river had its highest competency. Presence of large fossil trunks
within these units and clast imbrication, support a high energy system. lmbricated clasts
and scarcity of planar cross-bedding, indicate the progradation and accumulation of thin
sandy-gravel sheets across the channel floor and bar surface rather than avalanching on
the lee sides or lateral flanks of bars.

During episodes of high water and sediment

discharge these sheets grow upward and downstream by accretion of diffuse gravel
sheets (Hein & Walker, 1977; Hein, 1984).
The clast supported nature of the lower part may indicate that during flood stage,
only gravel-sized grains moved as bed-load or alternatively sand-sized grains were
winnowed from the gravels. In contrast, increasing amounts of sand toward the top of
the bar indicate a decrease in the competency of the river.

As Rust ( 1972a, b) and

Taconi and Billi (1987) discussed, these gravelly bars only formed and moved
downstream during flood and bankfull discharge. These clasts were deposited when the
flow was reduced and the larger deposited clasts acted as traps (obstacles) for other
clasts; as a result, a bar developed with horizontal bedding and imbricated clasts.
Imbrication develops when all the clasts are in the motion at high flow stage (Rust,
1984a; Morison & Hein, 1987).
Presence of ripped-up mudstone clasts, especially in the lower parts of the
conglomeratic units, indicate recycling of overbank and inactive channel deposits by
lateral migration of the younger channel (Figure 3.14). Overall, the criteria indicate that
the Gm lithofacies were deposited as longitudinal bars in the channels (cf. Smith, 1974;
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Rust, 1978b; Ramos & Sopena, 1983; Evans, 1990; Bromley, 1991). Multiple scoured
surfaces and sandstone lenses within these units prove that the sheet conglomerate was
not deposited in a single depositional event (Figures 3.10 & 3.15), but accumulated by
several discrete flooding events. Each conglomeratic unit and its associated sandstone
lens could represent one flood event.

The conglomeratic unit was deposited as

longitudinal bars during high flow stage and the overlying sandstone lenses were
deposited as small transverse bars or sand wedges (using terminology of Rust, 1972a)
at the top of the conglomeratic unit during the waning flood stages.

The overlying
I

conglomeratic unit with an erosional base suggests a new flooding event.

Matrix supported conglomerate (Gms)

Two types of Gms lithofacies are recognised in the bed-load fluvial deposit B, type one
is related to the gradual upward increase of matrix in the Gm lithofacies and type two
occurs as individual units which are normally at the base of the larger macroforms.
Type two normally shows a fining upward trend.

Overall, Gms lithofacies exhibit a

smaller grain size compared to the Gm lithofacies.
Interpretation: originally the Gms lithofacies was considered to represent debris

flow deposits in the proximal parts of fluvial systems (Miall, 1978b), but field evidence
indicates that the Gms lithofacies in this unit has no relation to debris flows.

As

mentioned earlier, type one Gms lithofacies, which occur at the top of some mesoforms
with Gm lithofacies at the base (Figure 3.12), is postulated to be related to the increased
deposition of sand size materials during waning flow stages and is considered as part
of the Gm lithofacies.

Poorly sorted conglomerates of type two Gms lithofacies are

interpreted to be formed in shallow channels that carried a bed-load blanket of mixed
grain size materials in a high energy system.

34

Planar Cross-bedded Conglomerate (Gp)
This facies is common in the bed-load fluvial deposit B. The thickness of the planar
cross-bedded conglomerate units normally ranges between 0.5 m to 1.2 m and the sets
are up to tens of metres in length (Figure 3.16). The Gp facies is noticeably finer than
facies Gm; a similar relationship was reported by Steel and Thompson (1983), Rust
(1984a, b), Dawson and Bryant (1987), Billi et al. (1987) and Evans (1990). Foresets
are planar and rarely tangential with the angle of foresets ranging between 10° to 30°.
They often show a heterolithic lithology composed of gravel and pebbly sandstone
(Figures 3 .16 & 3 .17). The ab plane of the cl as ts on the fore sets often fails to show
any preferred orientation. To the south of Bulgo, three-dimensional exposure is good
enough to show the approximate volume of units with Gp lithofacies, here units up to
65 m in width and tens of metres in length are present.

Interpretation: during the waning flow stage or in areas where flow expands, leeside separation eddies may develop behind bars (Miall, 1985a). This is accompanied
by a tendency towards foreset growth and development of transverse bars with Gp
lithofacies. Planar cross-bedded conglomerate indicates deposition on avalanche foresets
resulting from the migration of transverse gravel bars downstream (Massari, 1983; Billi
et al., 1987; Luttrell, 1993). Similar bars have been described in modem braided river

systems (Rust, 1972a). Tangential foresets are produced by stronger macroturbulance
during peak discharge stage while, planar foresets are formed by weaker separation
eddies during falling stage (Massari, 1983). Lateral transition of foresets from tangential
to planar could be related to the change in the geometry of the leeside separation flow
from 3-D to 2-D (Massari, 1983).
Well defined foresets in these bars reflect a lower water and sediment discharge
than the longitudinal bars (Hein & Walker, 1977). A similar facies was described by
Forbes (1983) as "diagonal bar deposits" in a modem sinuous gravel-bed channel
system. As Rust ( 1984a) discussed, Gp lithofacies may also be attributed to falling flow
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stage and may be produced when longitudinal bars emerge and flow diverges from the
bar axes into adjacent channels.
It is suggested that the heterolithic nature of foresets in these units (Figure 3.17)
is related to fluctuation in the river discharge from high to waning flow stage or size
sorting of grains upstream from the avalanche face as was suggested by Smith (1972,
figure 4) and Steel and Thompson (1983). Rust (1984a, figure 7) reported heterolithic
foresets in the Malbaie Formation, Canada, which show a rough cyclicity. He attributed
the cyclicity of these units to the rate of sedimentation on the lee face (Rust, 1984a,
figure 8). Blatt et al. (1980) suggested that fine-grained sediments accumulated during
intervals between avalanches in the lower part of the foresets and, as a result, a distinct
alternation of grain size has formed.

Carling and Glaister ( 1987) and Carling ( 1990)

discussed the heterolithic nature of foresets and concluded that frame-work gravels were
formed during high transport rates with gravel rolling to the base of the foresets, while
sand settling from suspension within the counter-currents, filled the gravel's intergranular
space and formed a matrix supported conglomerate.

Trough Cross-bedded Conglomerate (Gt)
Trough cross-bedded conglomerate and sandy conglomerate (Gt) are less common in the
bed-load fluvial deposit B. Sets of Gt lithofacies are commonly 30 cm to 50 cm thick,
but cosets locally reach up to 1.5 min thickness (Figure 3.18). Grain size is noticeably
smaller than in the Gm lithofacies, the gravels range in diameter from 0.5 cm to about
1 cm with an average size of 0.7 cm. In places this lithofacies laterally changes to a
trough cross-bedded pebbly sandstone (St). Imbrication is not developed in them and
they are mostly associated with Gp and St lithofacies.
Interpretation: this lithofacies exhibits a scour-fill morphology and was probably
deposited in the deeper parts of the river.

Its association with Gp lithofacies may

indicate that during flood these facies were formed in topographically low areas in the
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channel floor or in places where the river had been confined. When the flow depth
started to fall due to, for example, expansion of the flow over a larger area or during
a waning flow stage, the Gp lithofacies was deposited above the Gt lithofacies.

Erosional Scours Filled with Conglomerate (Ge)
In places (e.g. north of Coalcliff Beach) where fine-grained deposits are present in the
sequence, scours cut down into the fine-grained deposits and produced the Ge lithofacies
(Figure 3.19).

Ripped-up clasts of the underlying deposits often are present in the

conglomerate.

The grain size of the conglomerate beds varies and can reach up to

2 cm, the ripped-up clasts may have diameters up to 20 cm. The conglomerates are
polymictic and both clast supported and matrix supported conglomerate are present,
though the latter is more common. The width of these scours can reach up to more
than 1 m and depth up to 60 cm.

Interpretation: these conglomerate units with a well developed erosional lower
boundary are interpreted as a scour-filled lithofacies (Ge). The coarse-grained nature
of these units, plus the relatively large ripped-up clasts, indicate the high competency
of the channels involved. Clast-supported conglomerates probably indicate deposition
during high flow stage, while matrix supported ones may suggest deposition during high
to the waning flow stages.

Lag Deposit Conglomerate (Gld)
This lithofacies is not common in the bed-load fluvial deposit B but, where present, it
includes a relatively thin (a few clast thick) layer of conglomerate which is noticeably
larger than the surrounding deposits. It differs from the Gm lithofacies by being thinner
and coarser.
diameter.

Individual locally derived grains may reach up to more than 10 cm in
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Interpretation: these conglomerates are interpreted as lag deposits, as they

normally occur at the base of migrating channels with erosional bases. These deposits
were moving along the floor of the channel, mostly by rolling during high flow stage,
and were deposited when the river could not carry them during the waning flow stage.

3.2.l.2b

SANDSTONE FACIES ASSEMBLAGE

Sandstone is the most abundant facies assemblage in the bed-load fluvial deposit B and
constitutes approximately 60% to 70% of the unit. The dominant grain size is mediumto very coarse-grained and pebbly sandstone. Recorded lithofacies are: planar crossbedded sandstone (Sp); trough cross-bedded sandstone (St); ripple cross-laminated
sandstone (Sr); and plane bedded sandstone (Sh).

Planar Cross-bedded Sandstone (Sp)

Planar cross-bedded sandstone is one of the most abundant lithofacies in the bed-load
fluvial deposit B, it occurs at various scales ranging from less than 10 cm up to 1.3 m
in thickness and tens of metres in length (Figure 3.20). The sets may be separated from
each other by a thin .(a few clasts thick) gravelly layer.

Superimposed planar cross-

bedded sandstone sets are also abundant in some places (e.g. south of Stanwell Park
Beach; Figure 3.21). Foresets may show variation in grain size and also reactivation
surfaces (Figure 3.22). This lithofacies is associated with St, Gm and Gt lithofacies.
Interpretation: Sp lithofacies represents deposits of 2-D (Ashley, 1990) straight

crested dunes (transverse bar of Smith, 1970, 1974 and Miall, 1985a; slipface of Cant,
1978; cross-channel bar of Cant & Walker, 1978; cross-bedded simple bar of Allen
, 1983; and sand waves of Collinson & Thompson, 1989). As Walker & Cant (1984)
described, planar cross-bedding is widespread in braided river deposits.

The Sp

lithofacies was produced by migration of straight crested sand sheets. Sand supplied by
the river slipped down the avalanche face of the bar and was deposited as planar cross-
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beds. These bars generally form in shallower water than trough cross-bedded sandstone
(Miall, 1985a), probably in area where flow expanded over a large compound bar. As
Cadle and Cairncross (1993) documented, part of the Sp facies could be related to slip
face migration of braid bars in the river. Reactivation surfaces (Figure 3.22) in the Sp
lithofacies suggest fluctuations in river discharge.
The thin gravelly layers that separate Sp lithofacies from each other (Figure 3.23)
and locally produce a coarsening upward trend are interpreted as armour layers of Bray
and Church (1980) or armour surfaces of Forbes (1983). The armour layer is normally
about one grain thick and covers the subsurface layer with variable thickness (Reid &
Frostick, 1994 ). The grains in this layer are much coarser than in the subsurface layer;
the reason for relative coarseness is most possibly selective winnowing of small particles
(Sutherland, 1987).

Miall (1985b) believed that these surfaces can be produced by

sweeping of gravel sheets across bar tops during high water stage. It also can occur
at the toe of foresets as sandy scour-fills developed during lower water stage (Massari,
1983).

Trough Cross-bedded Sandstone (St)

Cosets of trough cross-bedded sandstone are less common in this unit, especially in
vertical sections which are subparallel to the palaeocurrent direction. The troughs are
well defined by scours and range in thickness between 10 cm and 50 cm. Foresets are
tangential to the underlying erosional surface and the base of the trough is often covered
by gravel. Similar fluvial facies are widely known (e.g. Cant & Walker, 1976; Rust,
1978b; Allen, 1983; Kumar, 1993).
Interpretation: trough cross-bedded sandstone is the deposit of 3-D (using

terminology of Ashley, 1990) sinuous crested subaqueous dunes. The sets formed by
infilling of trough-like scours as flow power decreased (Fielding, 1986). Laboratory
studies have shown that 3-D dunes were shaped by less vigorous currents than 2-D
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dunes (Allen, 1968a). These dunes form in deeper water than 2-D dunes (Miall, 1985a).
They are usually associated with Gm, Gp and Sp lithofacies and are likely to be formed
at the time of bankfull discharge of the river.

Plane Bedded Sandstone (Sh)
Plane bedded sandstone comprises thin (normally less than 20 cm, but up to 50 cm
thick) medium- to coarse-grained sandstone layers with nearly horizontal lower
boundaries (Figure 3.24). Internal horizontal stratification is visible due to differences
\

in grain sizes and thickness ranges from a few grains to about one centimetre. The
facies occurs at the top of Sp and St lithofacies and rarely as individual layers up to
1.1 m thick.

Smith (1970) recorded this facies on top of transverse bars and Todd

(1989) recorded it on top of the coarse-grained conglomeratic units.

Allen (1983)

reported plane-bedded sandstone units up to 1.2 m thick in fluvial deposits of the
Brownstones, England. This lithofacies is associated with Sp, St and Sr lithofacies.

Interpretation: plane beds at the top of the tabular cross-stratified sets can be
attributed to deposits of upper flow regime in shallow water (Cadle & Cairncross, 1993).
Such deposits occur in sandstone finer than 0.6 rrim as well, which indicate that the
sandstone was not deposited in lower plane bed stage as plane bedding does not occur
in materials finer than 0.6 mm in the lower flow stage (Paola et al., 1989). Upper flow
regime plane-beds occur when the flow' s competency is close to the threshold of
sediment transport and the flow' s velocity is enough to wash out dune structures. In
the formation of plane-beds, both erosion and deposition are involved and leave behind
a lamination which can be preserved in the stratigraphic column.

Similar lithofacies

were recorded by Smith (1970), Schwartz (1978), Allen (1983, 1984), Todd (1989) and
Singh and Bhardwaj (1991).

Allen (1983) mentioned that plane-bedded simple bars

were produced by flows at least as severe as those producing cross-bedded bars; he
explained the difference in shape and internal geometry as a function of the grades of
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debris made available.

Thick horizontally-bedded sandstone units can be related to

longitudinal sandy gravel bars (Smith, 1970), possibly indicating transportation of the
sand sheets under high energy conditions in the lower part of the channel (Rust, 1972a;
Desloges & Church, 1987). Paola et al. (1989) believed that the laterally continuous
lamination in plane beds were produced by downstream migration of extremely lowamplitude bedforms, causing the beds to be apparently flat.

Cheel ( 1990, figure 5),

based on experimental work in a flume, realised that two diff~rent kinds of horizontal
lamination occur in the upper flow regime.

Field work showed that it is hard to

distinguish these two kinds ("upper plane bed horizontal lamlnation and downstream
migrating in phase wave horizontal lamination") on the outcrops, therefore in this study
all the Sh lithofacies are considered to be upper plane bed horizontal lamination.

Ripple Cross-laminated Sandstone (Sr)
This lithofacies occurs as bar-top deposits and also as fine-grained sandstone lenses in
the overbank area (Figure 3.25).

To the north of Coalcliff Beach, lenses of fine-

grained sandstone up to 40 cm thick are present that show well developed Sr and Sh
lithofacies.

It consists mostly of non-climbing asymmetric ripple types but includes

trough-shaped current ripples with asymmetric foresets.

This lithofacies is associated

with Sp, Sh, Fl and Fm lithofacies.

Interpretation: ripple cross-laminated sandstone is related to asymmetric current
ripples and was deposited during waning flow stages as bar-top deposits or in the floodp
lain area as crevasse splays. In the floodplain area, fine-grained sandstone with Sr and
Sh lithofacies and sharp to slightly erosional basal boundaries are interpreted as crevasse
splays (Figure 3.26; cf. Mjos et al., 1993). Lack of climbing ripples in this lithofacies
indicates a deficiency of fine-grained sands in suspension during the time of deposition
(Reineck & Singh, 1980).

41

3.2.1.2c

FINE-GRAINED FACIES ASSEMBLAGE

Fine-grained deposits are the least abundant facies assemblage in the bed-load fluvial
deposit B but comprise up to 10% of the unit. They are well developed in the middle
part of the unit and can be differentiated into two lithofacies: (1) parallel laminated
mudstone and fine-grained sandstone (Fl); and (2) massive mudstone (Fm).

Parallel Laminated Mudstone and Fine-grained Sandstone (Fl)
The lamination present in this sediment is due to variation in colour, texture and grain
size and the beds range in thickness from less than 1 cm to 2 cm.
lithofacies is rare, but where present it is well developed.

Preserved Fl

For example, a Fl/Fm

lithofacies north of Coalcliff Beach is 2.3 m thick and contains two crevasse splay
deposits within it (Figure 3.26); another unit at the north end of Stanwell Park Beach
is up to 2.1 m thick (Figure 3.27). Truncation of the upper boundary by the succeeding
sandbody is common.

These deposits were developed in the overbank area and are

associated with ripple cross-laminated sandstone.

Interpretation: Fl lithofacies was developed by deposition from suspens10n m
floodplain areas (Rust & Nanson, 1989). These deposits also contain abundant mica,
supporting deposition from suspension. However, fine-grained sandstone and siltstone
with ripple cross-lamination in beds up to 40 cm thick occur in the floodplain area
(Figure 3.25).

Such units occasionally show erosive bases and upward fining.

As

mentioned by Bridge (1984), they are probably deposits of discrete overbank flooding
events.
In a fluvial system where coarse-grained deposits are dominant, deposition of finegrained material can only occur in sheltered floodplain areas (Bridge, 1985; Reinfelds
& Nanson, 1993). However, abundant ripped-up mudstone clasts in the conglomeratic
units of the bed-load fluvial deposit B implies erosion and recycling of otherwise
unpreserved fine-grained deposits (Figures 3.14 & 3.28). The only preserved crevasse
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splay deposits recognised in this unit are about 200 m north of Coalcliff Beach (Figure
3.26).

Massive Mudstone (Fm)
Massive mudstone (Fm) is less common; it represent vertically accreted deposits in the
floodplain area.

This lithofacies represents the distal floodplain or floodplain lakes,

where only the finest grained sediments could reach. As discussed by Guccione (1993),
grain size of overbank deposits decreases with distance from the channel source, and the
presence of sand and silt fractions in these deposits can be used to locate the position
of an unknown channel.
Several factors control the geometry and thickness of the floodplain deposits in
fluvial systems. These factors are: sediment supply; channel pattern; subsidence rate;
and channel migration/avulsion behaviour (Friend, 1983).

In braided river systems

preservation potential of fine-grained deposits (including floodplain and inactive channel
deposits) is low, as these deposits are normally reworked by lateral migration of the
younger channels (Figure 3.28).

3.2.1.3

ARCHITECTURAL ELEMENTS

Recent works on fluvial deposits have revealed that vertical profiles are inadequate for
fluvial interpretation (e.g. Walker, 1984; Reading, 1986, Miall, 1985a, 1988a, b) since
flu vial deposits are not laterally and vertically continuous. Miall ( 1988a, b), following
earlier work of Allen (1983) and Ramos and Sopena (1983), suggested a new technique
for studying fluvial deposits.

analysis".

This technique was called "architectural elements

Miall recognised eight basic architectural elements (Figure 3.29) that

contribute to the make up of fluvial deposits.
Laterally continuous outcrops of the bed-load fluvial deposit B, plus limited three
dimensional exposures, made it possible to apply this technique to this fluvial deposit.
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Five elements are recognised; channel element (CH), gravelly bedform element (GB),
downstream to lateral accretion element (DLA), sandy bedform element (SB) and
overbank fines element (OF).

A summary of the recorded architectural elements is

given in Table 3.3..

Channel Element (CH)
The channel element is one of the least preserved elements in the bed-load fluvial
deposit B.

Lack of channel element could be due to the cliffs mainly being sub'
parallel to the palaeocurrent direction or it may be related to the sheet-like nature of
some parts of the system, particularly the upper part which had originally imperceptible
channel margins.

However, in places where outcrops are oblique or perpendicular to

the palaeocurrent direction, and also where fine-grained floodplain deposits are present,
the channel element can be recognised.
To the north of Stanwell Park Beach, a channel element is present (probably a
subordinate channel); it shows a concave-up basal contact that scoured down into the
floodplain deposits (Figure 3.27).

The scour surface is 2.9 m deep and exhibits an

irregular cascade nature with abundart sole and lateral abrasion marks showing a
palaeocurrent toward the south.

In this locality only half of the channel element is

preserved, as wave action and weathering have eroded away the other half. The element
is filled with cross-bedded sandstone and is covered at the top by a gravelly bedform
element which demarcates the base of the next channel.

Gravelly Bedform Element (GB)
Conglomerate comprises between 15% and 25% of the bed-'load fluvial deposit B and
contains lithofacies of Gm, Gp, Gt and Ge.

Individual conglomerate units produce

mesoforms up to 1.2 m in height and several tens of metres in length. They show flat
or irregular erosional bases and are interpreted as gravelly bedform elements (GB)
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related mostly to deposits of longitudinal bars and also 2- and 3-D dunes.

The GB

element is abundant. They are coalesced in the upper part of the unit and form a sheetlike conglomeratic unit more than 3 m in thickness and several kilometres in length.
The GB elements in places are separated from each other by a thin (thickness
range between 20-60 cm) sandstone which itself may show mostly planar cross-bedding.
The sandstone layers are interpreted as sandy bedform elements (SB) generated during
waning flow stage at the top and edge of GB elements as sand wedges.

Downstream to Lateral Accretion Element (DLA)
The bed-load fluvial deposit B is mostly composed of sandstone which can be seen as
St, Sp, Sh and Sr lithofacies. Sandstone units are particularly well developed in the
lower and middle parts of the succession where they form mesoforms and macroforms
with mostly trough and planar cross-bedding. These mesoforms and macroforms are
interpreted as downstream to lateral accretion elements (DLA).
Miall ( 1985a) coined the term foreset macroform elements (FM) and then,
downstream accretion element (Miall, 1988a) for these kinds of macroforms and
mesoforms.

Lang and Fielding (1991) and Lang (1993) used the term lateral to

downstream accretion element (LDA).

Since, this element is produced mainly by

downstream accretion of the 2- and 3-D dunes and to a lesser extent by lateral accretion
of dunes (Smith, 1972; Allen, 1983; Kirk, 1983; Bridge, 1993), therefore, in this study
it is called downstream to lateral accretion element (DLA). This element is comparable
with the side bar of (Collinson, 1970), sand flats of Cant and Walker (1978) and
Collinson and Thompson (1989), and compound bar of Allen (1983).
The DLA element consists of macroforms (e.g. compound bars) and mesoforms
(e.g. 2- and 3-D dunes) in the major channels which are up to 5 m thick and tens of
metres in lateral extent.

This element normally shows an upward decrease in set

thickness and grain size indicating deposition during high flow to waning flow stages.
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Recognition of macroforms is based on evidence of long term downstream, lateral or
oblique accretion of smaller bedforms (mesoforms) on inclined bedding surfaces (Miall,
1988b).

In the bed-load fluvial deposit B, the DLA element is produced mostly by

downstream and lateral accretion of 2-D straight crested (Sp lithofacies) and 3-D sinuous
crested dunes (St lithofacies). In the direction of flow, DLA elements can be traced for
at least tens of metres.

In the across flow direction, the extent of DLA elements is

unknown, but they are probably similar in scale to the encompassing major channels
(Wizevich, 1992, 1993).
Lateral accretion elements with epsilon cross-bedding (Allen, 1963, 1965), which
normally represent point bar deposits, have not been observed in the bed-load fluvial
deposit B.

In this study, low angle bedding surfaces that dip oblique to the flow

direction are included in the DLA element.

Sandy Bedform Element (SB)
In the middle part of the unit, floodplain deposits are preserved in places, for example,
north of Coalcliff Beach (Figure 3.26) and north of Stanwell Park Beach (Figure 3.27).
In places, a few beds of ripple cross-laminated (Sr) and plane bedded fine-grained
sandstone are encased in these deposits (Figure 3.26). These sandstone units show a
slightly erosional base and normally exhibit a fining upward trend. The sandstone is
interpreted as sandy bedform elements (SB). SB elements are up to 40 cm in thickness
and represent crevasse splay deposits interbedded with overbank fine-grained elements
(OF).

Sandstone lenses that are encased in the thick Gm lithofacies and separate

stacked conglomeratic units (Figures 3.10 & 3.15) are also interpreted as SB elements.

Overbank Fine Element (OF)
Overbank fine elements (OF) are a minor component in the bed-load fluvial deposit B
and constitute up to I 0% of the unit. In some places it is well developed, like north
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of Coalcliff Beach (Figure 3.26) and north of Stanwell Park Beach (Figure 3.27). As
Bridge ( 1985) discussed, floodplains border the channel belts of almost all kinds of
rivers, thus it is erroneous to consider that floodplain deposits do not exist in the
braided fluvial system due to lateral migration of the channels (cf. Reinfelds & Nanson).
However, in bed-load fluvial systems the preservation potential of OF elements is very
low due mainly to two reasons; (1) essentially OF deposits are limited in this system
because the river load is mostly coarse-grained sediment; (2) deposited OF elements are
susceptible to being reworked by lateral migration of the younger channels. Abundant
ripped-up mudclasts in the conglomerate units support reworking of the OF element
(Figure 3.14). In places evidence of this reworking can be seen clearly (Figure 3.28).
This element is usually interbedded with SB elements (Figure 3.26) and is associated
with Fl and Fm lithofacies.

3.2.1.4

INTRODUCTION TO PALAEOHYDROLOGY

Primary sedimentary structures were formed at the time of deposition and can be used
to deduce channel parameters such as depth and width.

Characteristics of the in-

channel deposits like particle size, sorting, fabric and shape of the grains in the fluvial
deposits are also useful for measuring palaeoflow characteristics such as flow regime,
palaeodirection, palaeovelocity of the river and rates of sediment sorting, abrasion and
transport (Ethridge & Schumm, 1978; Maizels, 1983).
To calculate palaeodischarge and palaeovelocity, determining representative grain
size is very important.

It is generally assumed that the largest grains have primary

control on grain resistance and, therefore, on eddy intensity and particle entrainment
characteristics (Church & Kellerhals, 1978; Maizels, 1983; Komar & Carling, 1991).
Traditional flow resistance equations have used different percentiles or number of grains
for measuring palaeoflow characteristics, as was summarised by Maizels (1983) and
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discussed by Komar and Carling (1991).

Grain size is normally referred to the

intermediate clast diameter (b-axis) as used in this study.
Indirect methods using empirical equations were developed for modem and ancient
rivers by numerous authors as discussed by Williams (1984). For example, the ratio of
dune height to flow depth can be used for estimating channel depth (Evans, 1990).
However, the empirical and theoretical equations have certain limitations as was
reviewed by Ethridge and Schumm (1978), Church (1981), Maizels (1983, 1987) and
Williams (1984).

Channel Depth
The more reliable and direct method for measuring bankfull channel depth is usmg
thickness of preserved macroforms in the fluvial deposits, for example, height of epsilon
cross-stratified point-bars deposits in meandering rivers and the height of bank-attached
bars, sand flats and mid-channel islands or compound bars in braided rivers (Miall,
1985a).

Cutbank height and scour depth, also can give direct evidence of channel

depth.
The indirect method is using empirical and theoretical equations. Several formulas
were introduced for measuring palaeochannel depth (see, Williams, 1984). In this study
Allen's (1968, 1970) equation is used. Based on experimental and field measurements,
Allen formulated a relationship between dune size and flow depth.
equation was H

= 0.086Du

9

,

The derived

where H is the dune amplitude in metres and D is the

mean flow depth over the sedimentary structure in metres.

Miall (1976) used this

equation and suggested that it is better to use thickness of trough cross-beds instead of
planar cross-beds as the H value in this formula.

In this study, planar cross-bedded

units were found more appropriate to be used as they are commonly well developed and
it was easier to measure their thickness. As the upper part of the preserved dune is
commonly eroded by succeeding bedforms, the calculated depth would thus be a

48
minimum depth. Original data from Allen ( 1968) indicate a + 50% variation in the
water depth for a given dune height.
An alternative method of estimating flow depth is to use a dune height to flow
depth ratio. Collinson and Thompson (1989) suggested approximate ratio of 1:6, while
Evans (1990) used ratio of 1:5. In this study a ratio of 1:4 was found to be more
appropriate as it correlates with the field and empirical equation data.

Channel Width
The bankfull channel width has been estimated using the empirical equation of Leopold

= 42D1.

and Maddock (1953), recommended by Allen (1968), as follows: W

D is channel depth and W is the width of the corresponding river.

11

,

where

Leeder (1973)

provided the following equation for calculating the width of fining upward fluvial
deposits where the channels have a sinuosity of more than 1.7: W

= 6.SHt.54 ,

where

W is bankfull channel width and H is bankfull channel depth (both in metres) of the
corresponding channel, as was used by Nami (1976) and Gibling and Rust (1993). This
equation is applied for calculating the width of the mixed-load fining upward sequences
in the studied succession and then is compared with the results from other equations.
Several authors have considered different width/depth ratios for braided river
systems, for example Schumm (1968a) stated that the width/depth ratio for the bedload rivers is normally more than 40, while Miall (1976) stated that this value is often
much greater than this number. Miall (1976) in a case study used an average width to
depth value of 80 for a braided river deposit. Evans ( 1990) suggested a bankfull width
to depth ratio of 20: 1 for gravel and sand bed-load fluvial deposits, which seems very
low.

Yalin (1992) believed that width /depth ratio could be a three digit number

(;;:::100).

However, this number is different for braided rivers that show greater

width/depth ratio and meandering streams which exhibit lower width/depth ratio. In this
study the width/depth ratio of 80 is found to be more appropriate to be used for bed-
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load braided fluvial deposits and width/depth ratio of 50 for mixed-load fluvial deposits
as these closely conform with the depths calculated by empirical equation and correlate
with field evidence.

Palaeovelocity

Velocity is defined as discharge per unit area and can be calculated by usmg the
equation, V =Q/A, where the V is average velocity, Q is the discharge and A is the
cross-sectional area.

Cross-sectional area is width of the channel (W) multiplied by

mean channel depth (D).
Sedimentary structures like cross-bedding and ripple marks have been used to
predict the palaeovelocities necessary to form these bedforms in fluvial systems (MoodyStuart, 1966; Cotter, 1971; Koster, 1978; Steer & Abbott, 1984). Diagrams by Harms

et al. (1975) and Costello (1974) indicate the relationship between velocity and flow
depth (Figures 3.30 & 3.31).

Sundborg (1956) and Ashley (1990) presented useful

diagrams that show the relationship between grain size, velocity and resultant
sedimentary structures (Figures 3.32 & 3.33).
The dimensionless Froude number (Fr) also can be used to calculate velocity. The
Froude number is computed from the formula: Fr = u/ gD, where u is the velocity, g
is the acceleration due to gravity and D is the flow depth (Selley, 1988; Davis, 1992).
Therefore, if flow depth is calculated and Froude number is estimated based on the
sedimentary structures, then a velocity can be computed. Froude numbers of less than
one indicate lower flow regime while Froude numbers greater than one show upper flow
regime (Figure 3.34).

Dunes of medium-grained sandstone form in a regime with

Froude number ranging between 0.3 and 0.8.

One of the best ways for estimating

Froude number is to use the angle of repose in foresets, a higher angle indicates a lower
Froude number and a lower angle (asymptotic foresets) would form in the upper part
of this range (Leeder, 1982).
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Leeder ( 1980) presented a diagram that shows relationships between grain size, bed
shear stress and bedforms (Figure 3.35).
Probably the most useful criteria for determining palaeovelocity is using grain size
in the fluvial deposits. The most common method is to determine the flow conditions
for initiation of bed-load motion (Baker, 1974; Bradley & Mears, 1980; Komar &
Carling, 1991). Provided all grains sizes were available to the river, the largest grains
in the fluvial deposits show the competency of the river and indicate that the river has
been able to move those grains in traction as bed-load. As Komar and Carling (1991)
discussed, it' is very important to be sure that the selected grain size is representative
of that channel, for example, some extreme particle sizes may have been transported by
debris flows or been locally derived rather than transported by flood flows.

Palaeodischarge

The simplest equation to determine discharge of a river is Q=VWD, where Q is
discharge, V is mean velocity, W is channel width and D is mean channel depth. This
equation can be used in both modem and ancient rivers.

Variables such as width,

depth, gradient, bed roughness, sediment characteristics, meander wave-length, river
length, area of drainage basin and velocity contribute to palaeodischarge (Steer &
Abbott, 1984). Rivers have normally two quite different discharges, one is related to
water flow during calm periods, which is less than or equal to mean annual discharge
and typically fills a channel to approximately one third of bankfull channel depth
(Leopold et el., 1964) and the second one is flood discharge which is much greater than
mean annual discharge and overtops the channel.

Bristow ( 1987) noted that flood

discharge of the Brahmaputra is about 20 times more than calm periods.
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3.2.1.5

PALAEOHYDROLOGY OF THE BED-LOAD FLUVIAL DEPOSIT B

Channel Depth
As mentioned earlier several formula have been developed for calculating palaeochannel
depth. In this study, Allen's (1968, 1970) equation H = 0.086Du 9 has been used. The
calculated depth for the bed-load fluvial deposit B is between 1.5 to 4.7 m, considering
30 cm and 130 cm as minimum and maximum dune thickness respectively.

As

commonly the upper parts of the dunes are eroded by younger channels, the calculated
depth would thus be a minimum depth.
I

Direct criteria like macroform thickness and scour depth coincide with this
calculation, as compound bar thickness to the north of Coalcliff Beach ranges between
3 m to 5 m and scour depth north of Stanwell Park Beach is 2.9 m (Figure 3.27).
Evans (1990) suggested that dune height to bankfull channel depth for bed-load fluvial
systems is 1:5 which gives a greater depth (6.5 m) for the bed-load fluvial deposit B.
Field evidence indicates that a dune height to bankfull channel depth ratio of 1:4 is
more appropriate for this kind of river, as it closely correlates with other methods of
calculation.

Channel Width
The bankfull channel width has been estimated using the empirical equation of Leopold
and Maddock (1953), recommended by Allen (1968) which is: W = 42D1.11 • Leeder's
(1973) equation (W = 6.8D1.54) was not used here because the channels probably had
a sinuosity less than 1.7 and do not show a typical upward fining channel fill sequence.
The calculated width is between 110 m to 390 m.
As mentioned earlier several authors have suggested channel depth to width ratios
ranging from 20 to more than 100 for bed-load fluvial systems.

In this study, the

number 80 was used, as it corresponds with field evidence like preserved width of dunes
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in 3-D shore platforms. Based on this number the postulated width is between 120 m
to 375 m which is close to the numbers derived from the empirical equation.
Field evidence from the transverse gravel bars south of Bulgo indicate that the
gravelly bed-load part of the channel must have had a width of at least a few hundred
metres as, in this locality gravelly bars more than 65 m wide are present.

Palaeovelocity

In the bed-load fluvial deposit B, grain sizes from clay to gravel up to 8 cm in diameter
are present, therefore it is assumed that the material of all sizes was available for
transportation. The grain size of a deposit formed by bed-load transportation will be
directly related to the flow velocity.
In-channel deposited sandstone that is present as 2- and 3-D dunes mostly ranges
m grain size between 0.2 mm to 2 mm (medium to very coarse-grained sandstone).
Sundborg (1956; Figure 3.32) showed that grains with this size will be eroded at
velocities of approximately between 50 emfs to 115 emfs in channels 1 m deep. These
numbers coincide with mean velocities required for formation of sand waves (2-D
dunes) and dunes (3-D dunes) in diagrams from Harms et al. (1975), Costello (1974)
and Ashley (1990; Figures 3.30-3.31 & 3.33).
Gravel in the bed-load fluvial deposit B that was deposited as longitudinal bars
and also as 2- and 3-D dunes shows an average grain size between 1 cm to 2 cm.
Based on the Sundborg (1956; Figure 3.32) diagram grains of this size need velocities
between 220 cmfs to 260 cmfs to be transported in channels 1 m deep. Larger gravel
(up to 8 cm in diameter) would need even higher velocities to be moved. Since the
flood depths are more than 1 m, still higher velocities would be needed to transport this
material.
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Palaeodischarge
Using estimates of channel depth, width and mean and maximum flow velocity, it is
possible to calculate palaeodischarge both for average flow conditions and for flood
conditions.

The mean palaeodischarge, calculated assuming average depth of 1.5 m,

average width of 200 m and average velocity of 0.7 mis, is 210 m3/s. An approximate
flood palaeodischarge of 1800 m3Is is calculated considering a 3 m depth, 300 m width
and 2 mis velocity.

It should be mentioned that these numbers only provide an

approximation and, as was mentioned by Miall (1976), at least + 50% error should be
taken into account.

3.2.2 BED-LOAD FLUVIAL DEPOSIT A
3.2.2.1

INTRODUCTION

Bed-load fluvial deposit A constitutes the Otford Sandstone Member of the Wombarra
depositional system.
Wombarra shale.

It has an erosional lower boundary cut into the underlying

The Otford Sandstone Member is well exposed in road cuttings

between Clifton and Coalcliff. Along the coast, this member crops out from north of
Coalcliff Beach to south of Stanwell Park Beach. The unit is also exposed south of
Bulgo by uplift on the Metropolitan Fault (Figure 1.1). The bed-load fluvial deposit A
shows an overall upward decrease in bed thickness and an upward fining grain size.

3.2.2.2

FACIES IN THE BED-LOAD FLUVIAL DEPOSIT A

Like the bed-load fluvial deposit B, three facies assemblages are recognised in the 14m.
thick bed-load fluvial deposit A: conglomerate; sandstone; and fine-grained facies
assemblages. As these lithofacies are fully discussed in the bed-load fluvial deposit B,
they are not repeated here; only differences between the equivalent lithofacies are
described whereas new lithofacies are introduced and discussed in detail. A summary
of the recorded lithofacies is given in Table 3.4.
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3.2.2.2a

CONGLOMERATE FACIES ASSEMBLAGE

Conglomerate constitutes up to 15% of the unit.

Four lithofacies are recognised;

massive to crudely bedded conglomerate (Gm), matrix supported conglomerate (Gms),
planar cross-bedded conglomerate (Gp) and lag deposit conglomerate (Gld).

Massive to Crudely Bedded Conglomerate (Gm)
The conglomeratic units mostly are present as Gm lithofacies; grain size varies between
2 mm to 1.5 cm, with average of about 7 mm. The Gm lithofacies is composed of
polymictic conglomerate and ranges in thickness between 30 cm to about 90 cm. Rare
stacked Gm lithofacies are present (e.g. in the road cuttings south of Coalcliff) which
are separated by sandstone lenses (Figure 3.36). Unlike the Gm lithofacies in the bedload fluvial deposit B, clast supported conglomerate is less common, the conglomeratic
units are normally poorly sorted, and fossil trunks are not present, though plant
fragments are abundant in places.
Interpretation: the Gm lithofacies is interpreted as longitudinal bar deposits in the
shallow channels. Lack of clast supported conglomerate, fossil trunks and overall finer
grains in this unit suggest a lower flow regime compared to the bed-load fluvial deposit
B, which contained abundant fossil trunks and framework-supported conglomerate. The
presence of conglomerate beds mixed with pebbly sandstone indicate that the river was
carrying a range of grain sizes during flood and deposited them in the waning flow
stage. Smith ( 1974, figure 17) noted that framework conglomerate was produced during
higher discharge compared to the matrix supported conglomerate.

Sandstone lenses

within the Gm lithofacies (Figures 3.36 & 3.37) are interpreted as sand wedges (using
terminology of Rust, 1972a, figure 4) deposited at the lateral margin of the bars during
falling stage. The presence of these lenses implies that these conglomeratic units were
not deposited in a single flood.
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Matrix Supported Conglomerate (Gms)
In the lower and middle parts of the unit lenses of poorly sorted sandy conglomerate
are present.

They normally show a fining upward trend.

It is similar to the Gms

lithofacies in the bed-load fluvial deposit B, except here thinner sets are present. This
lithofacies was most likely deposited in shallow gravelly streams as was discussed by
Southard et al. (1984).

Planar Cross-bedded Conglomerate (Gp)
The Gp lithofacies is very rare and where present it normally changes to a pebbly
sandstone-dominated unit downstream (Figure 3.38). It is mostly present in the lower
part of the unit and ranges in thickness from 30 cm to about 60 cm.

Like the Gp

lithofacies in the bed-load fluvial deposit B, it shows heterolithic planar foresets and
overall is finer grained than the Gm lithofacies.

Interpretation: this lithofacies is fully discussed in bed-load fluvial deposit B.
It is interpreted as the deposits of relatively small gravelly transverse bars in the

channel. Planar cross-bedding indicates that the bar was developed by downstream (or
oblique-stream) accretion of sediments on avalanche foresets. The heterolithic lithology
of these units could be related to fluctuations in the river discharge as previously was
discussed in bed-load fluvial deposit B.

Lag Deposit Conglomerate (Gld)
Commonly, the base of the channels is paved by a thin (normally a few clasts thick)
gravelly layer which is much coarser than the surrounding deposit.

These gravelly

layers are interpreted as lag conglomerate (Gld). The Gld lithofacies was formed by
accumulation of exceptionally coarse-grained gravel (locally derived) at the floor of
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migrating channels where they moved by rolling and then were deposited during falling
flow stage.

3.2.2.2b

SANDSTONE FACIES ASSEMBLAGE

Sandstone is the most abundant facies assemblage and constitutes up to 75% of the unit
(Figures 3.37-3.39).

Grain size ranges between medium to very coarse and pebbly

sandstone. The dominant lithofacies is planar cross-bedded sandstone (Sp), but massive
sandstone (Sm), plane bedded sandstone (Sh) and ripple cross-laminated sandstone (Sr)
are also present. Trough cross-bedded sandstone is very rare in this unit.

Planar Cross-bedded Sandstone (Sp)
The Sp lithofacies is the most abundant lithofacies.

It is present as solitary or

superimposed sets and also as lenses within conglomeratic units.

Superimposed Sp

lithofacies may be separated from each other by a featureless sandstone unit ranging in
thickness from 10 cm to 30 cm. The thickness of the Sp sets ranges from less than
20 cm to about 80 cm (Figures 3.40 & 3.41) _and sometimes they are heterolithic and
show reactivation surfaces (Figure 3.41). The lateral extent of the sets varies; they can
reach up to several tens of metres in length.

Interpretation: planar cross-bedded sandstone (Sp) is interpreted as deposits of
2-D straight crested dunes in the channel. Superimposed Sp lithofacies indicate that the
river was not deep enough to allow formation of compound bars (or sand flats), instead
2-D dunes were deposited in different stages with slightly erosional boundaries. Paucity
of St lithofacies supports a shallow channel as well. Miall (1976, figure 2) reported a
well preserved superimposed Sp lithofacies in the Cretaceous braided stream deposits
of the Isachsen Formation, Arctic Canada. Miall ( 1978b) considered superimposed Sp
lithofacies as one of the main criteria for recognising "Platte type" braided streams.
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Massive to Plane Bedded Sandstone (Sm/Sh)
Massive to plane bedded sandstone (Sm/Sh) occurs as beds ranging in thickness from
20 cm up to 1 m. In some places horizontal bedding is clear but, in many places these
sandstone units appear massive. Some of the massive sandstone is suspected to be
plane bedded with its structures obscured by weathering. Massive sandstone beds in
fluvial deposits have also been reported by numerous authors; for example, Rust
(1972a), McCabe (1977), McLean and Jerzyk.iewicz (1978), Jones and Rust (1983) and
Casshyap and Kumar (1987).

Interpretation:

the Sm/Sh lithofacies possibly represents components of

longitudinal sandy bars (Smith, 1970) that were deposited under very high flow
conditions (Rust, 1972a; Desloges & Church, 1987; Singh & Bhardwaj, 1991). The
Sm/Sh lithofacies at the top of the unit and also above the Sp lithofacies represents
upper flow regime conditions as water depth decreased (cf. Smith, 1970; Cadle &
Caimcross, 1993). The thicker massive to plane bedded sandstone beds were probably
produced by very high energy regimes in the lower part of the channels where sandsize sediment was continuously supplied. Similar mechanisms were reported by Rust
(1972a) and Desloges and Church (1987). Jones and Rust (1983) attributed thick Sm
lithofacies in the large fluvial deposits of the Hawkesbury Sandstone to foreset failure
or bank collapse due to falling water levels, which seems unlikely to happen here, as
it is assumed that the bed-load fluvial deposit A was deposited in shallow streams with
low banks (see section 3.2.2.4).

Ripple Cross-laminated Sandstone (Sr)
The Sr lithofacies is a minor component of these fluvial strata. Unlike the bed-load
fluvial deposit B, the Sr lithofacies only appears as bar-top deposits, since overbank
deposits and associated crevasse splays with Sr lithofacies are not developed within the
unit. The Sr lithofacies occurs as non-climbing ripple types, including trough-shaped
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current ripples with asymmetric foresets. It is well developed in the outcrops north of
Coalcliff Beach where it is normally present at the top of the Sp lithofacies and is
covered by thin probably vertically accreted fine-grained deposits.
Interpretation: interpretation of Sr lithofacies is similar to that described in the

bed-load fluvial deposit B. Ripple cross-laminated sandstone was deposited at the top
of the in-channel dunes during waning stage as small scale linguoid ripple marks above
the host bedforms which were mostly 2-D d~nes.

3.2.2.2c

FINE-GRAINED DEPOSITS

Fine-grained deposits are the least abundant facies in the bed-load fluvial deposit A.
Unlike the bed-load fluvial deposit B, fine-grained deposits are restricted to the limited
vertically accreted units that normally occur above the Sr lithofacies. Thick floodplain
deposits with crevasse splays are absent from this succession. However, well developed
fine-grained deposits overlie the unit (Figures 3.38 & 3.39) and are interpreted as the
floodplain deposits of this fluvial system.

The fine-grained deposits within the unit

show only one lithofacies, that is parallel laminated mudstone and fine-grained sandstone
(Fl), but massive mudstone (Fm) lithofacies is present in the overlying floodplain
deposits.
Interpretation: as the parallel laminated lithofacies is mostly associated with Sr

lithofacies and together they are present above the Sp lithofacies, it is interpreted as
vertically accreted bar-top deposits.

However, mudstone clasts in the conglomeratic

units indicate that at least some of the fine-grained deposits were reworked by lateral
migration of the succeeding channels. Well developed fine-grained deposits above the
in-channel deposits are interpreted as the floodplain deposit of this fluvial system. In
places a few thin fine-grained sandstone beds are present in the floodplain deposits
which indicate poorly developed crevasse splays (probably distal). Paucity of crevasse
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splays and dominance of Fm lithofacies in the floodplain deposits may indicate avulsion
of the channel so that only fine-grained sediments could reach the floodplain area.

3.2.2.3

BOUNDING SURFACES AND ARCHITECTURAL ELEMENTS

The concept of bounding surfaces is fully discussed in section 5.2.3 which is not
repeated here.

The architectural element analysis concept and method was also

discussed in section 3.2.1.3. Limited laterally extensive outcrops of the bed-load fluvial
deposit A in the road cuttings between Clifton and Coalcliff permit these methods to
be applied. Like mixed-load fluvial deposit A (section 5.2.3.1),

six hierarchical levels

of bounding surfaces are recognised in the bed-load fluvial deposit A (Figure 3.42).
Their interpretation is similar to the bounding surfaces in the mixed-load fluvial deposit
A as is discussed in section 5.2.3.1. Six architectural elements are recognised: channel
element (CH); gravelly bedform element (GB); downstream to lateral accretion element
(DLA); laminated sand sheet element (LS); sandy bedform element (SB); and overbank
fines element (OF; Figure 3.42). A summary of the recorded architectural elements is
given in Table 3.5.

Channel Element (CH)
Field evidence, including sedimentary structures and the relationship between these
structures, indicates that the bed-load fluvial deposit A was deposited in poorly
constrained shallow channels. The unit is mostly composed of superimposed relatively
thin sedimentary structures (mostly Sp lithofacies) which were deposited in shallow
streams.

Therefore, well developed channels were probably not involved.

However,

sections oblique to the palaeocurrent direction have revealed concave-up scour surfaces
up to 50 cm deep which suggest the base of a laterally migrating channel.

Fully

preserved concave-up channel elements have not been observed in the bed-load fluvial
deposit A in the study area.
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Gravelly Bedform Element (GB)
As mentioned earlier, in places up to 15% of unit is composed of massive and planar
cross-bedded conglomerate. Gm lithofacies is interpreted as longitudinal bars in the
channel and Gp lithofacies as transverse gravel bars produced by lee-side separation
eddies developed during waning stage.

Thus these two lithofacies have an intimate

relationship (Massari, 1983) and are interpreted as GB elements. Distribution of the GB
element in the unit varies, for example it is well developed in the road cuttings south
of Coalcliff (Figure 3.36), while it is almost absent to the south of Bulgo (Figure 3.39)
where the unit is exposed by the Metropolitan Fault.

Downstream to Lateral Accretion Element (DLA)
The bed-load fluvial deposit A is mostly composed of sandstone (up to 60%) which is
dominantly present as Sp lithofacies with less extensive Sm/Sh, St and Sr lithofacies.
These lithofacies dominantly developed as downstream accreted foresets (Sp) and/or
downcurrent moving longitudinal sandy bedforms (Sh). The Sp lithofacies does not only
develop downstream, but it often shows lateral accretion as well (Smith, 1972). It is
considered that most of the sandstone in this unit, including Sp, Sh, Sm and St
lithofacies, was deposited by downstream or lateral accretion (Figure 3.42). Thus, they
are interpreted as DLA elements. The DLA element is the most important element in
this unit by volume.

Laminated Sand Sheets Element (LS)
One characteristic of this unit is the relative abundance of horizontal to massive bedded
sandstone (Sh/Sm lithofacies; Figure 3.42) ranging in thickness from 20 cm to more
than 1 m.

These sandstone units were fully discussed in section 3.2.2.2b and are

generally are considered as deposits laid down by flash floods under upper flow regime
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conditions. This element is present mostly in the upper part of the unit and is normally
capped gradationally by fine-grained deposits indicating waning flow stage.

Sandy Bedform Element (SB)
Typically sandy bedform elements (SB) occur as crevasse splay deposits encased in finegrained floodplain strata. However, well developed crevasse splays are absent in this
unit, but thin sandstone layers with sharp basal contacts are present in places (Figure
3.39) and are interpreted as distal crevasse splays. These sandstone layers, plus the
sandstone lenses which separate GB elements (Figure 3.36), are interpreted to be SB
elements.

Overbank Fines Element (OF)
The bed-load fluvial deposit A shows an overall upward fining which terminates with
overbank deposits at the top.

North of Coalcliff Beach, interbedded fine-grained

deposits are present between Sp and Sr lithofacies. They do not show a well developed
OF element, but they represent poorly developed bar-top deposits. However, above the
bed-load fluvial deposit A, a persistent unit of fine-grained deposits with Fl and Fm
lithofacies exists which is interpreted as an OF element. Fine-grained sandstone beds
in the OF element represent limited development of sandy bedform (SB) elements
related to crevasse splay deposits.

3.2.2.4

PALAEOHYDROLOGIC CHARACTERISTIC OF THE BED-LOAD
FLUVIAL DEPOSIT A

An introduction to the palaeohydrologic measurement of the fluvial deposits was given

in section 3.2.1.4. The following interpretation is based on this previous information.
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Channel Depth
Using Allen's (1968, 1970) equation: H = 0.086D 1· 19, the channel depth is calculated to
be approximately between 1.0 m to 3.0 m, assuming 20 cm as a minimum and 80 cm
as a maximum dune height.

The calculated depth coincides with the preserved

sedimentary structures. Amalgamated Gm lithofacies in road cuttings south of Coalcliff
are about 1.6 m thick. In this locality the Gm lithofacies are separated from each other
by sandstone lenses indicating that they were not deposited in a single flood event.
Paucity of trough cross-bedded sedimentary structures also support a shallow channel
environment for this unit.

Channel Width
The bankfull channel width was calculated usmg the Leopold and Maddock (1953)
equation (W = 42D1. 11). The estimated width is between 70 m and 235 m, using 1.0 m
and 3.0 m as minimum and maximum D values. As the unit shows a fining upward
sequence, the equation developed by Leeder (1973; W = 6.SHt.54) for this kind of fluvial
sequence was tried as well. The resultant width using the latter equation is between
80 m and 440 m. As can be seen, the calculated channel width using Leeder's (1973)
equation is greater than Leopold and Maddock equation. This is not what is expected
because Leeder' s equation was developed for rivers with a sinuosity higher than 1. 7,
which should normally have a lower channel width to depth ratio than rivers with less
sinuosity. Unlike the bed-load fluvial deposit B, there are no 3-D outcrops in the study
area to be used for controlling the horizontal extent of the sedimentary structures.
The unit shows deposits typical of a shallow sandy to gravelly bed-load low
sinuosity channel. A width/depth ratio of 80 can, therefore be considered for this unit
which gives a width ranging from 80 m to 240 m which is comparable with the width
calculated using empirical equations.
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Palaeovelocity

Most of the strata were deposited as medium to very coarse sandstone units ranging in
grain size between 0.2 mm to 2 mm. Using Sundborg (1956; Figure 3.32) Hjulstrom' s
diagram, a velocity from 50 cm/s to about 110 cm/s is need to move grains with these
sizes in channels 1 m deep. During flood, grains up to 1.5 cm in diameter were carried
downstream; it indicates that a velocity of more than 2 mis was involved during flood
periods.

Using diagrams from Harms et al. (1975; Figure 3.30) and Ashley (1990;

Figure 3.33) indicates that 2- and 3-D sandstone dunes with the previously mentioned
grain sizes need a velocity of between about 60 emfs to about 1.3 mis to be formed.

Palaeodischarge

Having channel depth, width and velocity, it is possible to calculate the palaeodischarge
of the river using the following equation: Q= VDW, where Q is discharge, V is river
velocity, D is mean channel depth and W is channel width. The mean palaeodischarge
is calculated assuming an average depth of 1.2 m, an average width of 150 m and an
average velocity of 0.7 mis.

The resultant mean discharge is 105 m3/s.

The

palaeodischarge during flood is calculated to be 600 m3Is, assuming a 2 m depth, 200 m
width and 1.5 mis velocity during flood.

3.2.3 BED-LOAD FLUVIAL DEPOSIT C
3.2.3.1

INTRODUCTION

Bed-load fluvial deposit C constitutes the lower part of the Bulgo Depositional Complex
and correlates with the pebbly facies of Ward (1971a, 1972, 1980) and the lower Bulgo
fluvial system of Reynolds ( 1988). It has an erosional contact with the underlying Stanwell Park Claystone and gradually changes to the overlying braidplain deposits.
The whole of the Bulgo Depositional Complex is exposed between Clifton and
Coalcliff and also in the Bulgo Headland but the cliffs are inaccessible in these
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localities. The best place for studying the bed-load fluvial deposit C (lower part of the
Bulgo Complex) starts from north of Werrong and, toward the north, the rest of the unit
becomes accessible north of the Figure Eight Pool (Figure 1.5).
Overall, the bed-load fluvial deposit C is finer grained and has less conglomeratic
units compared to the bed-load fluvial deposit B, but it is coarser grained than fluvial
deposit A (Figure 3.43).

This unit is mostly composed of coarse-grained to pebbly

sandstone and minor conglomeratic and fine-grained units.

Trough and planar-cross

bedding are the most common structures in the sandstone. The thickest planar crossbedded sets in the whole Narrabeen Group succession in the southeastern part of the
Sydney Basin are recorded in this part of the Bulgo Depositional Complex.

3.2.3.2

FACIES ASSEMBLAGE

Like the two previously mentioned bed-load fluvial deposits, three facies assemblages
are recognised in the bed-load fluvial deposit C; conglomerate, sandstone, and finegrained assemblages.
The lithofacies found in the bed-load fluvial deposit C are similar to those found
in the bed-load fluvial deposits A and B (Tables 3.2 & 3.4). Since these lithofacies are
fully discussed in the bed-load fluvial deposit B, and to a lesser extent in bed-load
fluvial deposit A, thus, in this part only those lithofacies that are not present in the
previously discussed units, and also differences between lithofacies in this unit and
already discussed units, are addressed. A summary of the recorded lithofacies is given
in Table 3.6.

3.2.3.2a

CONGLOMERATE FACIES ASSEMBLAGE

The amount of conglomeratic units is lower and the size of the gravel is smaller than
in bed-load fluvial deposit B but they are coarser than in bed-load fluvial deposit A.
The average grain size of the conglomeratic units is about 1 cm but grains up to 3 cm
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in diameter are present in places. The conglomerate facies assemblage includes four
lithofacies:

massive

to crudely bedded conglomerate (Gm);

matrix supported

conglomerate (Gms); trough cross-bedded conglomerate (Gt); and planar cross-bedded
conglomerate (Gp).

Massive to Crudely Bedded Conglomerate (Gm)
Unlike the bed-load fluvial deposit B, the Gm lithofacies 1s not well developed and
occurs mostly as solitary conglomeratic units (Figure 3.44).

The grain size ranges

between 1 cm to 2 cm in diameter and bed thickness ranges from less than 50 cm to
more than 1 m with average thickness of 70 cm. Lateral extent is variable but reaches
up to tens of metres.

Interpretation: these conglomeratic units are interpreted as longitudinal bars
deposited in the channels. Since the Gm lithofacies occurs as solitary units, each unit
is probably the product of a single flood event.

Uncommon imbrication and the

presence of sandy matrix may indicate that the conglomeratic units were deposited in
a lower energy system compared to the imbricated and clast-supported conglomerate
units of the bed-load fluvial deposit B.

Matrix Supported Conglomerate (Gms)
One of the characteristics of this unit is the presence of friable polymictic granule
conglomeratic units which are not common in the bed-load fluvial deposits A and B.
These units sometimes show a fining upward trend and seem to be matrix supported.
Their basal boundary is slightly erosional or gradational.

Planar and trough cross-

bedding occur in places, and overall, their grain size is smaller than in the Gm
lithofacies.

Interpretation: the Gms lithofacies is rather uncommon in bed-load fluvial
systems which are far from their source areas.

Normally this lithofacies occurs as
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debris flow deposits in the proximal part of fluvial systems (Miall, 1978b).

As

discussed byWard (1971a), it is likely that a part of these strata were deposited as a
rapid influx of detritus into a stagnant body of water like a shallow pond in the
floodplain area. Presence of a fining upward trend and lack of a basal erosional surface
support this assumption. As these conglomerate lenses are rich in volcanic materials,
it is possible that their friable nature is related to the intense weathering of the volcanic
materials and dissolution of an original zeolite cement as well. Experimental work of
Kuhnle (1993) has shown that in the low flow stage only sand size material is in
I

motion, but by increasing flow strengths both sand and gravel will move as bed-load
and will be deposited during falling stage. No sign of high flow regime was found in
these deposits and it is believed that these units were not formed by this mechanism.

Trough and Planar Cross-bedded conglomerate (Gt & Gp)
These two lithofacies are similar to Gt and Gp lithofacies of bed-load fluvial deposit B.
However, these two lithofacies are less common and less extensively developed in the
bed-load fluvial system C.

Planar cross-bedded conglomerate in places exhibits

reactivation surfaces.

Interpretation: the Gt lithofacies is interpreted as deposits of gravel size materials
in the deeper parts of the channel, where they formed 3-D sinuous crested dunes. Gp
lithofacies on the other hand, was deposited in the shallower part of the river probably
where flows expanded over a larger area or during falling flow stage.

Presence of

reactivation surfaces in the Gp lithofacies indicates fluctuation of the river discharge.
As Gt and Gp lithofacies are minor components in this part of the succession, it seems
that most of the conglomerate units were deposited as longitudinal bars (Gm) during
floods. Part of the conglomeratic material mixed with the sand size materials and
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produced common pebbly sandstone units; only a minor part was deposited as Gt and
Gp lithofacies.

Lag Deposit Conglomerate (Gld)
The lag deposit lithofacies is present as gravels paving the floors of the channels. This
lithofacies is similar to the equivalent lithofacies in the bed-load fluvial deposit B (see
section 3.2. l .2a) and bed-load fluvial deposit A (see section 3.2.2.2a), so it is not
discussed here.

3.2.3.2b

SANDSTONE FACIES ASSEMBLAGE

Very coarse to pebbly sandstone is the most abundant constituent of the bed-load fluvial
deposit C. The sandstone appears in six lithofacies with trough cross-bedded (St) being
the most abundant and planar cross-bedded sandstone (Sp) being the second most
important one.

Other recorded lithofacies are: plane bedded sandstone (Sh); massive

sandstone (Sm); ripple cross-laminated sandstone (Sr); and erosional scours with
intraclasts (Se).

Trough Cross-bedded Sandstone (St)
Trough cross-bedded sandstone (St) is the most abundant lithofacies in these strata. It
forms medium to large scale troughs, particularly in the lower part of the succession
(Figure 3.45). In fact, the largest troughs in the whole Narrabeen succession are present
in these strata.

Stacked cosets of St lithofacies form cliffs up to more than 3 m in

thickness which are normally covered by Sp lithofacies or Sr and Sh lithofacies. Large
troughs indicate the presence of a deep channel in this part of the succession. Its
interpretation is similar to St lithofacies in the bed-load fluvial B.
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Planar Cross-Bedded Sandstone (Sp)
Planar cross-bedded sandstone (Sp) also 1s common m this deposit. The thickest
preserved planar cross-bedded sandstone in the whole Narrabeen succession is also
recorded in these strata. North of Werrong, sets of Sp lithofacies up to 2.3 m thick are
present (Figure 3 .46) indicating the presence of deep channels in this part of the
succession. The Sp lithofacies shows a well developed heterolithic lithology with some
thin (up to 10 cm) conglomeratic layers in it (Figure 3.47). The conglomeratic layers
themselves exhibit fining upward trends that end up with sandstone.

Conglomeratic

units were probably deposited during high flow energy, and as flow competency
decreased finer sediments were deposit at the top of the coarser materials.
Superimposed St and Sp lithofacies form macroforms (compound bars) up to 8 m thick
(Figure 3.48). These macroforms normally show an overall fining upward trend.

Massive Sandstone Lithofacies (Sm)
The massive sandstone lithofacies (Sm) was not found in the bed-load fluvial deposit
B, but to some extent is present in bed-load fluvial deposit A, though it is not as well
developed as in bed-load fluvial deposit C.

This lithofacies occurs as featureless

sandstone units ranging in thickness between 20 cm to about 1 m with average thickness
of about 50 cm. It sometimes contains intraclasts (mudstone). The grain size ranges
from medium to very coarse and pebbly sandstone. This lithofacies was interpreted in
the bed-load fluvial A, thus it is not explained here. The main difference is that the
massive sandstones with intraclasts probably can be interpreted as bank failure deposits,
as was discussed by Jones and Rust (1983), since relatively deep channels were involved
in the bed-load fluvial deposit C.
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Ripple Cross-Laminated Sandstone (Sr), Plane Bedded Sandstone (Sh) and
Erosional Scours with Intraclasts (Se)
Ripple cross-laminated sandstone (Sr), plane bedded sandstone (Sh) and scours filled
with intraclasts (Se) are minor components of these deposits. The Sr lithofacies occurs
as bar-top deposits (Figure 3.49) and also as crevasse splays in the floodplain area
(Figure 3.50). Sh lithofacies normally occur above the Sp or St lithofacies as bar-top
deposits as well. Se lithofacies mostly occur where coarse-grained units have eroded
down into the fine-grained units and were filled with intraclasts during waning flow
stages. Interpretation of these three lithofacies is similar to that explained in the bedload fluvial deposits A and B.

3.2.3.2c

FINE-GRAINED FACIES ASSEMBLAGE

Fine-grained deposits, including massive mudstone (Fm) and laminated mudstone with
fine-grained sandstone (Fl), constitute a minor part of this system.

These deposits

normally occur as discontinuous beds, as the succeeding sandbody normally eroded the
upper parts of these units. The fine-grained deposits occur as both bar-top and overbank
deposits. A well developed thick (about 3 m) Fl/Fm lithofacies is present in the Figure
Eight Pool area (Figure 3.50).

At this locality these lithofacies are interpreted as

overbank deposits and the fine-grained sandstone beds encased in it as crevasse splays.
The unit is covered by a younger sand body with an erosional basal surface.

3.2.3.3

ARCHITECTURAL ELEMENTS OF THE BED-LOAD FLUVIAL
DEPOSIT C

Extensive lateral exposures plus shore platforms in this unit between Werrong and north
of Figure Eight Pool were examined to recognise the architectural elements responsible
for forming this part of the succession.

Six architectural elements were recognised:

channel element (CH); gravelly bedform element (GB); downstream to lateral accretion
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element (DLA); sandy bedform element (SB); laminated sand sheet element (LS); and
overbank fines element (OF).

Recorded architectural elements are summarised in

Table 3.7.

Channel Element (CH)
Sedimentary structures (large troughs and thick Sp lithofacies) indicate that these strata
were deposited in relatively deep channels. Complete concave-up channel elements are
not present in the study area, probably because the cliffs are sub-parallel to the
palaeocurrent direction, but scour surfaces produced by lateral migration of the channels
and associated lag deposits are ubiquitous. It is believed that these strata were deposited
in the deepest channels in the Narrabeen Group succession (see section 3.2.3.4).

Gravelly Bedform Element (GB)
Conglomerate is an important facies assemblage in these strata; it appears as Gm, Gms,
Gt and Gp lithofacies with Gm being the most abundant. The conglomeratic units are
interpreted as gravelly bedform elements (GB). The GB element is mostly related to
the deposition of longitudinal bars and to a lesser extent with 2- and 3-D gravelly dunes
in the channel. Unlike the bed-load fluvial deposit B, the GB element normally occurs
as solitary units, though rarely coalesced GB elements, with sandstone lenses within
them, are present in places.

Downstream to Lateral Accretion Element (DLA)
Sandstone is the most abundant facies assemblage in this unit and mostly occurs as St
and Sp lithofacies and to a lesser extent as Sh, Sm, Sr and Se lithofacies. St and Sp
lithofacies form mesoforms (2-D and 3-D dunes), while superimposed sandstone units
form macroforms up to 8 m in height.

Macroforms were produced by long term

downstream and lateral or oblique accretion of smaller mesoforms. The mesoforms (e.g.
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transverse bars) and macroforms (e.g. compound bars or sand flats) are interpreted as
downstream to lateral accretion elements (DLA). Like bed-load fluvial deposit B, the
DLA element shows an upward decrease in bedding thickness and grain size indicating
deposition during high flow to low flow stages. The DLA is the most abundant element
in the bed-load fluvial deposit C, extending downflow up to tens of metres and across
flow for widths probably similar to the encompassing major channels (Wizevich, 1992).
Like the bed-load fluvial deposits A and B, lateral accretion elements with epsilon
cross-bedding, which indicate point bar deposits (Allen, 1963, 1965), have not been
I

observed in this part of the succession.

All the low angle bedding surfaces that dip

oblique to the palaeocurrent direction are included into the DLA element.

Sandy Bedform Element (SB)
Sheet sandstone units indicating an SB element are very rare in these strata. The only
units that can be classified as SB elements are those fine-grained sandstone sheets
encased in the overbank fines deposits (Figure 3.50).

These sandstone beds are

interpreted as crevasse splay deposits. In places superimposed GB elements are present,
and the sandstone lenses that separate these elements are interpreted as SB elements as
well.

Laminated Sand Sheet Element (LS)
The laminated sand sheet element in the bed-load fluvial deposit C is similar to that in
the bed-load fluvial deposits A and B, thus it is not discussed here.

Overbank Fines Element (OF)
The OF element is a minor component of the bed-load fluvial deposit C; it constitutes
up to 10% of the unit. The fine-grained deposits occur as top-bar and overbank fines;
in some localities a well preserved OF element is present, for example north of Figure
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Eight Pool (Figure 3.50) a thick (about 3 m) OF element with interbedded SB elements
is recorded.

The OF elements are normally truncated by succeeding sandbodies and

ripped-up mudstone intraclasts in the conglomeratic units support reworking of some
otherwise unpreserved OF elements. Overall, the OF element is a minor component of
this unit.

3.2.3.4

PALAEOHYDROLOGIC CHARACTERISTICS OF THE BED-LOAD
FLUVIAL DEPOSIT C

Channel Depth
Preserved sedimentary structures like thick planar cross-bedded sandstone sets, large
troughs and also thick macroforms indicate the presence of relatively deep channels in
this part of the Narrabeen depositional sequence.

The thickest Sp lithofacies (up to

2.3 m) and macroforms (probably compound bars or sand flats) up to 8 m thick are
recorded to the north of Werrong.

Cutbanks or full preserved concave-up channel

elements were not found probably because the cliffs are sub-parallel to the palaeocurrent
direction, but closely spaced scour surfaces that demarcate the bases of the channels are
ubiquitous in these deposits.
Like bed-load fluvial deposits A and B, Allen's (1968, 1970, H = 0.086D 1•19)
equation was used to calculate palaeochannel depth. The resultant mean water depth
over the sedimentary structures is between 2 m and 7 .60 m considering 40 cm as the
minimum and 2.3 m as the maximum dune height. The calculated depth conforms with
the macroform thickness and represents the deepest braided river channels in the whole
Narrabeen depositional sequence. It also, coincides with the suggested dune height to
depth ratio of 1:4 (see section 3.2.1.4) which gives depths between 1.6 m to 9.2 m.
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Channel Width
To measure channel width, the empirical equation of Leopold and Maddock (1953;
W = 42D1. 11 ) was used. The calculated width ranges between 150 m and 660 m. As
discussed earlier, several authors considered different width/depth ratio for the bedload fluvial systems.

In this study a ratio of 80 was adopted which gives widths

between 160 m and 610 m for the bed-load fluvial deposit C that are comparable with
the width calculated using the empirical equation.
On the shore platforms (e.g. Figure Eight Pool), the sedimentary structures can be
1

seen three dimensionally. In this locality a beautifully preserved transverse bar shows
tens of metres of lateral and downstream extension (Figure 3.51). An unknown portion
of this bar is also covered by younger outcrops, however this kind of structure indicates
that a river hundreds of metres wide was present during the deposition of this structure.

Palaeovelocity
Like bed-load fluvial deposits A and B, all grain sizes -ranging from clay to gravel up
to 2 cm in diameter are present in these strata indicating that all these grain sizes were
available to the river. Grain size directly reflects a river's competency and are used for
measuring palaeovelocity. The medium to very coarse-grained sandstone (0.2 mm to
2 mm) have produced 2- and 3-D dunes in this strata. The Sundborg diagram (Figure
3.32) shows that a velocity between 50 emfs and about 120 emfs is required for eroding

these grains in flows 1 m deep.

The resultant numbers are comparable with mean

velocities required for formation of sand waves and dunes of similar as grain size
indicated in diagrams by Harms et al. (1975; Figure 3.30) and Ashley (1990; Figure
3.33).

Gravels were carried downstream during floods and formed longitudinal bars. The
average grain size for gravels is 1.2 cm, but it reaches up to 2 cm.

Based on
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Sundborg's (1956) diagram a velocity of about 2.50 mis is required for moving such
a grains in channels 1 m deep.

Palaeodischarge

A mean flow discharge of 400 m3/s was calculated for the bed-load fluvial deposit C,
considering an average depth of 2 m, an average width of 250 m and average velocity
of 0.8 mis. The flood discharge is calculated to be up to 3000 m 3/s, assuming a flood
depth of 5 m, a width of 400 m and a velocity of 1.5 mis.
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CHAPTER FOUR
BRAIDPLAIN DEPOSITS

4.1

INTRODUCTION

Braidplains are a type of bed-load fluvial system characterised by untrunked shallow
channels with highly erodible banks. Channels are characterised by rapid lateral shifts
in channel position (often by avulsion) and form a broad alluvial apron across a large
part of the depositional basin.

Braiding is a complex process affected by several

variables that include river discharge, bed-load to total-load ratio, bank stability,
vegetation, and stream gradient.
Fluctuation in river discharge is one of the prerequisites to form braidplains,
because rivers with relatively steady discharge tend to undergo less lateral migration due
to relatively fixed channel position.

Flash floods in arid environments and highly

variable seasonal discharge in cold regions provide examples of fluctuation in river
discharge.

High bed-load to total-load is another factor controlling braiding in
braidplains (Leopold & Wolman, 1957) whereas rivers with high suspended load tend
to form meandering and anastomosing streams. Schumm (1981) noted that a bed-load
to total-load ratio more than 11 % is necessary to form braided rivers (Figure 3.5). Bank
stability controls lateral migration of the channel, braiding occurs in rivers with highly
erodible banks, whereas stable banks prevent lateral migration of the river. Vegetation,
which is controlled by geologic and climatic factors, has an important effect on bank
stability and, therefore, indirectly on the river braiding. Braided rivers were probably
more common before the Devonian when land plants were not widespread (Schumm,
1968a). The last factor that controls braiding is river gradient; braided rivers tend to
develop on steeper gradients than meandering rivers.
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Little is known regarding the influence of sedimentation

in braidplain

environments. Probably the main difference is that braidplains occur in lower gradient
settings and in basins with a smoother topography than braided river systems.

This

generally results in fluvial systems which lack axial trunk streams, and the discharge
spreads out in a wide alluvial plain in the form of interweaving shallow channels. In
basins where significant topographic relief is present, rivers will confine themselves in
the low areas and braided channels tend to form instead of braidplains.

4.2

BOUNDARIES

Thick units of the bed-load fluvial deposits C in the lower part of the Bulgo
depositional complex gradually change to interbedded sandstone and fine-grained
braidplain deposits (Figures 4.1 & 4.2).

However, the braidplain deposits occur at

different stratigraphic levels, for example, the braidplain deposits are present at a lower
stratigraphic level in the outcrops near Coalcliff while they appear at a higher
stratigraphic level at outcrops south of Garie.
The upper boundary of the braidplain deposits is gradational.

In the outcrops

-

north of Garie Beach, the amount of fine-grained deposits in the braidplain units
gradually increases up-section until in places the sandstone units become subordinate and
the sequence changes to the mixed-load fluvial deposit B as is discussed in the next
chapter.

4.3

LITHOFACIES

The braidplain deposits are mostly composed of very coarse-grained and pebbly
sandstone to fine-grained sandstone.

Fine-grained deposits, including siltstone and

mudstone, are also abundant while conglomerates are less common in these deposits.
The braidplain deposits are grouped into three facies

assemblages including
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conglomerate, sandstone and fine-grained assemblages.

The different lithofacies are

summarised in Table 4.1.

4.3.1 CONGLOMERATE FACIES ASSEMBLAGE
Conglomerate the least common lithofacies assemblage in these deposits, however, it
occurs as two lithofacies; matrix-supported conglomerate (Gms) and lag deposit
conglomerate (Gld).

Matrix-supported Conglomerate. (Gms)
The Gms lithofacies is poorly developed m the braidplain deposits where it mostly
occurs as thin layers at the base of the thicker, very coarse-grained sandstone units or
as individual beds. It generally has ·a gradational contact with pebbly sandstone and,
in fact, it is a pebbly sandstone that shows increased amounts of pebbles. The Gms
lithofacies normally shows a fining upward trend.

Interpretation: as discussed in the previous chapter, matrix supported sandstone
were originally identified as debris flow deposits (Miall, 1978b), however, these units
are far from their source area and it is believed that debris flows were not involved in
this area. The Gms lithofacies is here interpreted as deposits of the shallow channels
carrying mixtures of sand and gravel in their basal parts. These kinds of deposits could
be produced by flash floods in arid environments, but supporting signs of arid
environment like mudcracks in the fine-grained strata or aeolian deposits have not been
observed in this area.

Lag Deposit Conglomerate (Gld)
This lithofacies is present as thin layers (normally from one to a few clasts thick) of
heterolithic gravels at the base of sandstone units.

Sometimes they are present as
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individual beds up to 10 cm thick.

These gravels may show a well developed

imbrication.

Interpretation: this lithofacies was discussed in section 3.2. l .2a. Since the Gld
lithofacies normally occurs as thin layers at the base of the sandstone units and is
noticeably coarser-grained than surrounding deposits, it is considered to represent a lag
deposit. These lag deposits are normally present at the floor of the laterally migrating
channels.

4.3.2 SANDSTONE FACIES ASSEMBLAGE
Sandstone is the most abundant lithology in the braidplain deposits.

It is present as

very coarse-grained and pebbly sandstone to very fine-grained sandstone.

Recorded

lithofacies in the sandstone facies assemblage are: planar cross-bedded sandstone (Sp);
trough cross-bedded sandstone (St); heterolithic low angle cross-bedded sandstone (Slh);
plane-bedded sandstone (Sh); massive sandstone (Sm) and ripple cross-laminated
sandstone (Table 4.1).

Planar Cross-bedded Sandstone (Sp)
Planar cross-bedded sandstone is the most abundant lithofacies in the braidplain deposits.
It mostly occurs as solitary units ranging in thickness from less than 20 cm to about
80 cm and exceptionally up to 1.1 m. Superimposed sets of the Sp lithofacies are also
present. The planar cross-bedded units range in grain-size from very coarse-grained and
pebbly sandstone to fine-grained sandstone.

In places, the Sp lithofacies shows

heterolithic foresets and may show reactivation surfaces. These units are mostly sheetlike and are laterally up to tens of metres in extent (Figures 4.1 & 4.2).

However,

lensoidal units are also present in places.

Interpretation: the Sp lithofacies represents deposits of straight crested 2-D dunes
(using terminology of Ashley, 1990) deposited in broad shallow channels. They have
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been produced by sand avalanches on the slip face of dunes. Abundant planar crossbedded units and paucity of the trough cross-bedded sandstone in the braidplain deposits
indicate that these strata have been deposited in shallow streams. Abundant upper flow
regime deposits in these strata support the interpretation of shallow streams.
Reactivation surfaces on the slip faces of the Sp lithofacies are due to fluctuations in
water discharge.

The heterolithic nature of the planar cross-bedded sandstone was

discussed in section 3.2.1.2b.

Trough Cross-bedded Sandstones (St)
The St lithofacies is poorly developed in these deposits, however, in places it occurs as
cosets of trough cross-bedded sandstone in the lower part of the planar cross-bedded
sandstone units. Troughs are small to medium scale ranging in thickness normally from
10 cm to about 50 cm. The trough cross-bedded units often rest on erosional surfaces
and may contain lag deposits.

Interpretation: the St lithofacies represent deposits of the sinuous crested 3-D
dunes in the channels. This lithofacies was developed in deeper parts of the channels
compared to the Sp lithofacies (Miall, 1985a). As discussed earlier, the paucity of this
lithofacies supports the notion that the braidplain deposits were deposited in untrunked
shallow channels.

The trough cross-bedded sandstone indicates that deeper channels

were locally present in confined areas in the braidplain settings, probably during floods.

Heterolithic Low Angle Cross-bedded Sandstones (Sib)
The Slh lithofacies occurs as beds up to about 1 m thick. The angle of cross-bedding
range from less than 10° to about 15°. Units within this lithofacies commonly show
a heterolithic lithology with very coarse-grained to medium-grained sandstone (Figure
4.3) or siltstone to fine-grained sandstone (Figure 4.4). Thickness of each heterolithic
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foreset bed ranges from about 1 cm to more than 10 cm and m places reactivation
surfaces are developed on the surface of the bedsets.

Interpretation: low angle cross-bedded units (<10°) were originally defined as Sl
lithofacies by Miall ( 1978b, 1992c) and interpreted to represent scour fills, crevasse
splays, antidunes and washed-out dunes.

However, the heterolithic low angle cross-

bedded units in this deposit are believed not to fit into any of the interpretations above.
The Slh lithofacies here is considered to represent lateral accretion deposits either as
locally developed small point bars or as laterally accreted bank-attached or in-channel
bars. Coarser bedsets show higher discharge periods while finer ones indicate weaker
current activities.

The presence of the reactivation surfaces in these deposits also

indicates fluctuations in the water discharge.

The mechanism of formation of this

lithofacies is similar to what was termed epsilon cross-bedding by Allen (1963), which
was considered to represent point bar deposits.

Plane-bedded Sandstones (Sh)
Plane-bedded sandstone is one of the common lithofacies in these deposits (Figures 4.5
& 4.6).

This lithofacies occurs as beds ranging in thickness from less than 20 cm to

about 40 cm. In places horizontal bedding is distinctive and sometimes these units are
massive. Internal horizontal bedding is recognised by differences in grain size, sorting
and colour. The plane-bedded sandstone is present both in the lower and upper parts
of the planar cross-bedded units; the former normally contains pebbles.

Interpretation: the plane-bedded units at the base of the planar cross-bedded
sandstone is considered to represent upper flow regime deposits.

The presence of

pebble size grains in these deposits support deposition by strong currents rather than
deposition from suspension. Thus the thick horizontally bedded sandstone at the base
of the Sp lithofacies were probably produced by transportation of sand sheets under high
energy conditions (Rust, 1972a; Desloges & Church, 1987), and correspond with the
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longitudinal sandy bars of Smith ( 1970). The Sh lithofacies at top of the Sp lithofacies
also indicates deposition in upper flow regime above the host bedforms. As depth of
the river decreases above the in-channel dunes, high flow . regimes with plane-bedded
sandstone may develop (Cadle & Caimcross, 1993).

Massive Sandstone (Sm)
Two different kinds of massive sandstone are recognised. The first one is thin layers
of coarse- to medium-grained massive to plane-bedded sandstone at the top of the host
bedforms, normally planar cross-bedded units. The mode of origin and interpretation
of these units is similar to that outlined for the plane-bedded sandstones (Sh lithofacies;
section 3.2.1.2b). The second one is thin layers (normally about 10 to 40 cm thick) of
massive to crudely horizontally-bedded sandstone within the fine-grained deposits; it may
show a fining upward trend.

Interpretation: the second type of massive sandstone indicates deposition of finegrained sandstone in overbank settings.

Although it is believed that an extensive

floodplain environment was not present in these deposits, relatively thick floodplain
deposits, are however locally present and contain sandstone units.

The massive

sandstone units represent influxes of sand to the floodplain area during floods. Coarsergrained deposits in the lower part indicate early floods periods and fine-grained materials
at the top represents later stages, probably deposited from suspension.

Ripple Cross-laminated Sandstone (Sr)
This lithofacies is not common in the braidplain deposits, however, it mostly occurs as
non-climbing current ripples in bar-top deposits.

The fine-grained sandstone units

containing this lithofacies range in thickness from about 10 cm to 30 cm. It also is
present within the fine-grained overbank deposits in places.
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Interpretation: the Sr lithofacies represents deposits of asymmetric current ripples
at the top of the in-channel dunes.

Non-climbing ripples develop where fine-grained

sand supply is limited, otherwise climbing ripple cross-laminated sandstone would have
been deposited.

The ripple cross-laminated sandstone in the fine-grained deposits

indicates deposition of waning stage current ripples in the floodplain area.

4.3.3 FINE-GRAINED FACIES ASSEMBLAGE
Fine-grained deposits occur as thin layers separating sandstone units (Figures 4.5 & 4.6).
The fine-grained facies assemblage is mostly composed of siltstone and mudstone.
Claystone is less abundant in the fine-grained deposits of the braidplain deposits
compared to mixed-load fluvial deposits (chapter five). Two lithofacies are recognised:
parallel laminated mudstone (Fl) and massive mudstone (Fm).

Parallel Laminated and Massive Mudstone (Fl & Fm)
The Fl lithofacies is the most abundant lithofacies in the fine-grained facies assemblage
and normally forms units up to more than 50 cm thick.

Lamination occurs and is

recognised by changes in grain size, texture and colour. Massive mudstone lithofacies
is rare in these deposits and only occurs as locally preserved lens-shaped units. It is
noticeably finer grained than the Fl lithofacies and contains more clay-size materials.
Interpretation: the Fl lithofacies was developed by deposition from suspension
in overbank settings.

The Fm lithofacies also represents vertically accreted deposits,

developed in places where coarser grained materials could not reach; possibly locally
developed depressions in the floodplain settings.

The fine-grained units are often

overlain by sandstone units with erosional basal boundaries. This indicates that most
of the fine-grained deposits in the braidplain setting were reworked by the lateral
migration of channels. Overall, the preserved fine-grained deposits shows that relatively
coarse materials (mostly siltstone) have been brought into the floodplain area during
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floods. Floodplain deposits in these strata show coarse-grained overbank deposits (using
terminology of Fielding, 1986).

4.4

ARCHITECTURAL ELEMENTS

Pluvial deposits are not laterally and vertically continuous, and can best be studied by
using architectural elements (Allen, 1983; Miall, 1985a, 1988a). Architectural elements
are parts of the depositional system equivalent in size to, or smaller than a channel fill
and exhibit a distinctive facies assemblage, internal geometry, external form and
sometimes vertical profile (Miall, 1992c). Four architectural elements are recognised in
these deposits: downstream to lateral accretion element (DLA); laminated sand sheet
element (LS); sandy bedform element (SB) and overbank fines element (OF). Channel
elements have not been observed in the braidplain deposits. It is difficult to observe
the channel element in the braidplain setting because the channels were essentially broad
and their margins may have sloped at a few degrees and show low relief. A summary
of the architectural elements is given in Table 4.2.

Downstream to Lateral Accretion Element (DLA)
Sandstone in the braidplain deposits mostly shows planar cross-bedding (Sp) and
heterolithic low angle cross-bedding (Slh).

In section 3.2.1.3 the Sp lithofacies was

considered to be a part of the DLA architectural element as it was probably produced
in a channel by downstream and lateral accretion of subaqueous dunes.

The Sp

lithofacies in these deposits, however, is postulated to be deposited in very shallow
channels (see next part for palaeohydrology).
interbedded with fine-grained deposits.

It normally forms solitary units

Therefore, most of the Sp lithofacies are

considered to be sandy bedform elements (SB). However, superimposed Sp lithofacies
were deposited by downstream to lateral accretion of subaqueous dunes in the deeper
parts of the channels and are considered to be DLA element. The Slh lithofacies also
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was deposited mostly by lateral accretion and 1s included m the DLA architectural
element.

Laminated Sand Sheets Element (LS)
One of the characteristics of braidplain deposits is the presence of the plane-bedded (Sh)
and massive sandstone (Sm; Figures 4.5 & 4.6). These lithofacies represent flash flood
deposits formed under upper flow regime conditions and are interpreted to represent
laminated sand sheet elements (LS).

Sandy Bedform Element (SB)
The sandy bedform element is one of the most abundant architectural elements in the
braidplain deposits. This element occurs as sheet-like sandstone beds mostly with Sp
lithofacies. As discussed in the DLA element in this chapter, some of the Sp lithofacies
was considered to be a DLA element, but much of this lithofacies in the braidplain
sequences was deposited in broad and shallow channels and often is interbedded with
fine-grained deposits and is considered to be a sandy bedform element.

The massive

sandstone beds encased in fine-grained deposits also are included in the SB element.

Overbank Fines Element (OF)
The braidplain deposits are principally composed of interbedded sandstone and finegrained deposits.

The fine-grained deposits mostly occur as laminated mudstone (Fl)

with less common massive mudstone (Fm).

These two lithofacies are considered to

represent overbank fines elements (OF). The OF element in these deposits is mostly
composed of silt-size materials and forms a coarse overbank deposit. The OF element
is also present as thin beds between the sandstone units, indicating that long term
accumulation of the fine-grained sediments in low lying areas of the floodplain
environment has not occurred.

The sandstone and fine-grained units (SB and OF
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elements) have a close relationship and both were produced possibly by sheet floods in
a relatively gentle slope. The SB element was formed in the early stage of floods while
the OF element was deposited by vertical accretion of finer grained materials during the
later stages.

4.5

PALAEOHYDROLOGY OF THE BRAIDPLAIN DEPOSITS

An introduction to the palaeohydrology of the fluvial deposits was given m 3.2.1.3.

Primary sedimentary structures and characteristics of the fluvial deposits, such as particle
size, sorting, fabric and shape of the grains, can be used to calculate channel parameters
like depth, width and water velocity.

Channel Depth
One of the reliable ways to deduce channel depth is using thickness of the preserved
macroforms in fluvial deposits. In the braidplain deposits, thickness of the heterolithic
low angle cross-bedded sandstone (Slh) is a reliable indicator of channel depth.
Preserved thickness of the Slh lithofacies in these deposits reach up to about 1 m
(Figures 4.4 & 4.6).

Thickness of the planar cross-bedded sandstones (Sp) and their

overlying fine-grained deposits also, give an idea about the channel depth. Therefore
it is deduced that shallow channels between about 50 cm to about 2 m deep were

present at the time of deposition. As the upper parts of these deposits are eroded by
the overlying sandstone units, the actual depth could be more than the indicated depth.
An indirect method to calculate channel depth is using empirical equations or

estimating it by using dune height to flow depth ratio. Allen (1968, 1970), based on
experimental works, developed a formula for calculating channel depth (H = 0.086D 1·19),
where H is dune height and D is channel depth. H is considered to range from 20 cm
to 70 cm, and the resultant D value ranges from 1 m to 2.8 m. An alternative method
to calculate channel depth involves dune amplitude to flow depth ratio. Using a ratio
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of 1:4 for braided rivers (see 3.2.1.3), the derived depth ranges from 80 cm to 2.8 m
which is close to the depth calculated from empirical equations.

Comparison of the

depths derived from direct indicators and empirical equations shows that the latter
indicate higher values. It is believed that the numbers calculated based on the empirical
equation or dune height to flow depth ratio are unrealistic as these equations were
mostly developed for the fluvial systems other than braidplains (mostly for braided river
systems).

Braidplain deposits were formed in different situations but, based on field

data, it is believed that the rivers involved had a depth between about 50 cm to about
I

2 m.

Channel Width
Several empirical equations and width/depth ratios have been suggested for use in
calculating channel width (as was discussed in section 3.2.1.4). By using the Leopold
and Maddock (1953) equation (W = 42D1.1 1), the calculated width is 100 m, considering
1.5 m as the D value.

As was discussed by Yalin ( 1992), in many situations the

width/depth ratio could be more than 100, which gives a larger width value than that
calculated by using above mentioned equation. However, it is believed that the rivers
involved in the deposition of the braidplain deposits were poorly or unconfined and were
possibly hundreds of metres wide.

Palaeovelocity
Grain size and sedimentary structures can be used to deduce palaeovelocity of a given
river.

Preserved grain sizes in the braidplain deposits mostly range from 0.2 mm to

about 2 mm in diameter. Based on the Sundborg diagram (Figure 3.32) velocities from
50 emfs to 115 emfs are required to transport these materials in flows 1 m deep.
Derived numbers conform with the mean velocities needed to form 2-D dunes in
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diagrams from Costello (1974), Harms et al. (1975) and Ashley (1990; Figures 3.30,
3.31 & 3.33).
Pebbles in the Gms and Sh lithofacies require a higher velocity to move. Based
on above mentioned diagrams a velocity about 2 mis is needed for transportation of the
grains up to 1 cm in diameter.

4.6

DISCUSSION

The braidplain deposits exhibit rather unique characteristics in the studied succession.
Most ancient braidplain deposits reported are coarser grained than the studied sequence
(e.g. Steel & Thompson, 1983; Rust, 1984b). Braidplain deposits described by Rust and
Gibling (1990) and Martins-Neto (1994) contain abundant trough cross-bedded sandstone
units indicating the presence of relatively deep channels.

In contrast, the studied

braidplain deposits are mostly composed of planar cross-bedded sandstone and trough
cross-bedded sandstone is not common.

These Narrabeen strata are similar to the

deposits of the ephemeral streams and flash floods in arid environments (e.g. Olsen,
1989; Dam & Anderson, 1990; Hartley et al., 1992).
The braidplain deposits are envisaged to be deposited by braided channels with a
high width to depth ratio. The main depositional process occurred by migration of low
relief straight crested 2-D dunes, and also to lesser extent by sinuous crested 3-D dunes
in deeper parts of the channels, which are present as LS and SB architectural elements.
Lateral migration of the channels produced sheet-like sandstone units. Plant fragments
are present in these deposits but they are not abundant, it is envisaged that vegetation
has not been dense enough to form stable banks and prevent braidplain formation.
Retallack (1980) reported that the Sydney Basin was forested by conifers during this
time. Frequent floods provided suspended-load sediments across the floodplain that have
been deposited above the sandstone units during waning flow stages and ·are present as
coarse OF element. The fine-grained materials were deposited mostly as bar tops and
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to a lesser extent they have settled in locally developed depressions in the floodplain
setting. The coarse nature of the fine-grained deposits is attributed to their proximal
position relation to the rivers (i.e. coarse source materials). In later stages, a portion
of the fine-grained deposits was reworked by the lateral migration of the channels.
Overall, it is postulated that these strata have been deposited by a network of
shallow interweaving channels crossing a broad alluvial plain with a gentle topography.
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CHAPTER FIVE
MIXED-LOAD FLUVIAL DEPOSITS

5.1

INTRODUCTION

Schumm (1963, 1972, 1981) classified channels into bed-load, mixed-load and
suspended-load.

Based on this classification, if the bed-load/total-load ratio is more

than 11 %, a river will be grouped into the bed-load class, whereas if this number is less
than 3% the channel will be classified as suspended-load. Channels with bed-load/totalload ratio numbers between these two limits are termed mixed-load (Figure 3.5).
Two mixed-load fluvial deposits are recognised in the studied succession and are
called mixed-load fluvial deposits A and B in ascending stratigraphic order.

Mixed-

load fluvial deposit A constitutes the Coal Cliff Sandstone of the Wombarra depositional
system as proposed in this study. It correlates with the Coal Cliff Sandstone of Hanlon
et al. (1953) and the fluvial channel-fill facies of the Wombarra lacustrine/floodplain

system of Reynolds (1988). Mixed-load fluvial deposit B constitutes the upper part of
the Bulgo depositional complex as proposed in this study. It correlates with the shaly
facies of the Bulgo Sandstone of Ward (1971a, 1972, 1980).

5.2

MIXED-LOAD FLUVIAL DEPOSIT A

The mixed-load fluvial deposit A is the lowermost sandstone unit in the studied
succession. It was named the Coal Cliff Sandstone with formational status by Hanlon
et al. (1953) who nominated and measured its type section between Scarborough and

Coalcliff. Harper (1915) first recognised fluvial channels at the top of the Bulli Seam.
A fluvial origin also was proposed for the Coal Cliff Sandstone by Diessel et al. (1967),
Ward (1971a, 1972), Jones (1986), Hamilton et al. (1987) and Reynolds (1988).
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The mixed-load fluvial deposit A is well exposed in the coastal cliffs and shore
platforms between Scarborough and Coalcliff (Figure 1.1). Its thickness in the coastal
area is almost 10 m (Figures 5.1-5.4) whereas farther west in the Iluka 55 borehole its
thickness is 9.05 m increasing to 14.87 m in Iluka 60 borehole (see Appendices 2 &
3).

5.2.1 BOUNDARIES

The mixed-load fluvial deposit A has an erosional contact with the underlying shaly
units of the Wombarra depositional system (these shaly units are fully discussed in
section 6.2.1.2; Figure 5.5) and normally the basal surface is covered by lag deposits
(Figures 5.6 & 5.7). It has partly or totally eroded the elastic strata above the Bulli
seam, which is the most economically exploited coal seam in this area.

In some

localities (e.g. south and north of the Coalcliff adit; Figure 5.7) the erosional surface
has cut down to the Bulli seam and eroded away a small portion of the Bulli Coal
itself.
As mentioned in section 2.7.1, in the past the lower boundary of this unit was
considered to be a widely developed regional erosional surface.

However, in the

Coalcliff area, this boundary is recognised as a localised feature (Clark, 1992). The
Coal Cliff Sandstone and equivalent coarse-grained units occur as lenses in the
W ombarra depositional system, scouring into the underlying strata.

This sandstone

member is not a laterally continuous blanket-type deposit, thus its lower boundary is
not continuous and cannot be considered as a sequence boundary.

The basin-wide

erosional surface at the base of the Scarborough depositional system is considered to
form the lower boundary of the Narrabeen depositional sequence (see section 2.7.1).
The mixed-load fluvial deposit A normally has a gradational contact with the
overlying shaly units of the Wombarra depositional system. However, in places it is
overlain by the shaly units with a sharp contact indicating a sudden decrease in the
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competency of the currents possibly due to avulsion or meander loop cut-off of the
channel.

The mixed-load fluvial deposit A shows a fining upward sequence that

normally terminates with interbedded mudstone and sandstone strata related to vertical
accretion and crevasse splay deposition on the floodplain. The amount and thickness
of sandstone layers decreases upward until it forms floodplain deposits almost free of
sandstone layers.

5.2.2 LITHOFACIES
Lithofacies nomenclature in this study follows the system proposed by Miall (1977,
1978b, 1992c), who defined lithofacies based on grain size and sedimentary structures.
As some of the preserved lithofacies do not fit into the available codes, some new
codes have been introduced where necessary.

Three lithofacies assemblages and ten

lithofacies are recognised in the mixed-load fluvial deposit A (Figures 5.1-5.4; Dehghani
& Jones, 1993, 1994a). A summary of the recognised lithofacies is given in Table 5.1.

5.2.2.1

CONGLOMERATE FACIES ASSEMBLAGE

Conglomerate is a minor component of this unit, however in places it comprises up to
15% of the Coal Cliff Sandstone. Four lithofacies are recognised in the conglomerate
facies assemblage: massive to crudely bedded conglomerate (Gm); ironstone-clast
stringers (Gis); massive intraformational conglomerate (Git); and scour and fill
conglomerate (Ge).

Massive to Crudely-Bedded Conglomerate (Gm)
The Gm lithofacies forms lenses of conglomerate in the Coal Cliff Sandstone. These
conglomeratic units are normally bounded by a lower erosional surface (fifth-order
bounding surface, see section 5.2.3.1) paved with rounded ironstone clasts at the base
and smaller ironstone clasts scattered through the conglomerate. Maximum preserved
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thickness of a Gm lithofacies unit is 1.2 m (Figures 5.8 & 5.9) and the grain size
ranges between 4 mm to 2 cm; average grain size is about 1 cm. The gravels exhibit
rather common imbrication.

Horizontal stratification, recognised mainly by vertical

changes in grain size and clast sorting, occurs on the shore platform south of Coalcliff
(Figures 5.8 & 5.9) and abundant coalified and petrified logs occur in the lower part
of the conglomeratic unit (Figure 5.10).
Interpretation: the conglomeratic units represent accumulation of the gravel size
sediments when the river had its highest competency.

The presence of fossil tree

trunks, ironstone pebbles and cobbles, and imbrication indicate a high energy system.
Lack of planar cross-bedding and the presence of imbrication indicate that the sandy
gravel sheets forming the unit were prograding across the channel floor rather than
avalanching down the lee-sides or lateral flanks of a bar. The main difference between
this conglomeratic unit and the Gm lithofacies of the previously described bed-load
fluvial deposits A (see section 3.2.2.2a) and B (see section 3.2.1.2a), except being
smaller in grain size, is the lack of superimposed Gm lithofacies. In the two mentioned
bed-load fluvial deposits, coalesced Gm lithofacies are present and each conglomeratic
unit shows a basal scoured surface and is separated by sandstone lenses whereas in the
mixed-load fluvial deposit A, Gm lithofacies occur only as solitary units in the lower
part of the succession.

As was discussed in the previous chapter, superimposed Gm

lithofacies are not the product of a single flood whereas solitary conglomeratic units in
the mixed-load fluvial deposit A are interpreted to be produced by exceptionally big
single floods.

The conglomeratic units with a Gm lithofacies are interpreted as

longitudinal bar deposits in the channel. Rust ( 1972a, 1984a) suggested that longitudinal
bars only formed and moved downstream during flood and bankfull discharge, the
presence of imbrication indicates that the grains were in motion at high water discharge.
The mixed-load fluvial deposit A shows a fining upward trend and the Gm lithofacies
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occurs only in the lower part of the unit where flow competency has been enough to
transport pebble size materials during flood.

Ironstone Clast Stringer (Gis)
The ironstone clast stringer lithofacies is a single line of intraformational ironstone
clasts arranged along an erosional surface (Figures 5.11 & 5.12) and, in fact, represents
channel floor lag deposits.

Similar facies were reported by Cant and Walker (1976),

Rust (1978b, 1984a), Allen (1983) and Greb et al. (1992).

The clasts reach up to

35 cm in diameter (Figure 5.12), but normally their diameter ranges from about 1 cm
to about 15 cm. They are well rounded and sometimes show imbrication, finer gravels
often accumulated behind the larger clasts and produced cluster bedforms (cf. Rust &
Gostin, 1981 ).

Interpretation: one of the characteristics of the mixed-load fluvial deposit A is
the abundance of ironstone bands in the floodplain deposits. These bands normally had
an early diagenetic origin, and shortly after deposition, jointing occurred in them (Cook
& Johnson, 1970; Figure 5.13) probably as a result of differential compaction. During

lateral migration of the channels, most of the previously deposited strata including the
ironstone bands were reworked.

As a result, ironstone bands were broken down into

small fragments and transported downstream. Most of the ironstone clasts were rounded
during transportation. It is postulated that the very large clasts were locally derived and
moved along the channel floor only by a rolling mechanism. Imbrication and the large
size of the clasts indicate that these clasts moved freely across the channel floor during
high flow discharge (Figure 5.11). During waning stage they were deposited and acted
as an obstacle for trapping finer gravels.

A similar interpretation was given by

Brayshaw (1984) for formation of larger cluster bedforms in coarse-grained fluvial
channels. Abundant scour surfaces in the Coal Cliff Sandstone indicate frequent lateral
migration of the channels.

The ironstone clast stringer lithofacies in the mixed-load
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fluvial deposit A is similar to the G 1 facies described by Allen (1983) from the
Brownstones in the Welsh Borders, England.

Massive Intraformational Conglomerate (Git)
In places, the number of ironstone layers (Gis lithofacies) increases and a massive
intraformational conglomerate facies occurs (Git). Thickness of this facies commonly
varies between 1O cm to 90 cm and shows a mixture of well rounded clasts (average
diameter of 10 cm) and a gravelly matrix. The massive intraformational conglomerate
fades (Gif) is interpreted to have been produced by accumulation of ironstone clasts
during high water discharge. This facies is similar to the G2 facies of Allen (1983) and
is associated with St and Sp lithofacies.

Scour and Fill Conglomerate (Ge)
This fades rarely occurs in the Coal Cliff Sandstone.

It has a scoured base and is

filled with pebble-sized grains in a fine to coarse-grained sandstone matrix (Figure
5.21). The scour and fill conglomerate lithofacies is interpreted as deposits of small
shallow channels scoured into the lower deposits and filled during waning flood stage.
The mixture of coarse pebbles and sandstone matrix may indicate that these small
channels were carrying all these sediments together, but it is also. possible that the
coarse gravels were deposited as lag deposits and finer grained sediment filled the intergranular spaces as sieve deposits during waning flow stage. A similar lithofacies but
on a larger scale is described in the bed-load fluvial deposit B (see section 3.2. l.2a;
Figure 3.19).

5.2.2.2

SANDSTONE FACIES ASSEMBLAGE

Sandstone is the most abundant facies assemblage in the mixed-load fluvial deposit A
and constitutes up to 85% of the unit. The grain size ranges between fine-grained to
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very coarse-grained and pebbly sandstone.

Recognised lithofacies in this unit are:

trough cross-bedded sandstone (St); planar cross-bedded sandstone (Sp); ripple crosslaminated sandstone (Sr); and plane-bedded sandstone (Sh).

Trough Cross-bedded Sandstone (St)
Trough cross-bedded sandstone lithofacies is the most abundant lithofacies in the Coal
Cliff Sandstone; in places it constitutes up to about 65% of the unit (Figure 5.1). St
lithofacies comprise cosets of troughs ranging in thickness between 10 cm and 60 cm
(Figures 5.14 & 5.15); solitary troughs are rare but some well developed ones can be
seen on the shore platforms south of Coalcliff. Foresets in most troughs are tangential
to the underlying erosional surface and the base of the trough is often covered by
gravel.

Similar facies are widely known in fluvial systems (e.g. Rust, 1978b; Miall,

1982; Allen, 1983; Kumar, 1993). It is similar to the "trough cross-bedded sandstone
facies (S 3)" of Allen (1983).

Interpretation: trough cross-bedded sandstone is the deposit of 3-D sinuous
crested subaqueous dunes (using terminology of Ashley, 1990).

It was formed by

-

infilling of the trough-like scours as river competency decreased (Fielding, 1986). This
lithofacies is commonly deposited in deeper parts of the river compared to planar crossbedded sandstone (Miall, 1981, 1985a).

It is associated with Gm, Gis, Gif and Sp

lithofacies.

Planar Cross-bedded Sandstone (Sp)
Sets of planar cross-bedded sandstone occur in the Coal Cliff Sandstone, ranging in
thickness between 10 cm to 1.2 m and extending for tens of metres in length.
Weathering of the coastal outcrops made it hard to distinguish planar cross-bedded sets
from the trough cross-bedded sets, but on the shore platforms south of Coalcliff these
sets clearly are recognisable. Superimposed cosets of Sp facies are present in places,
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and are separated from each other by an erosional surface that normally does not show
lag deposits at the base.

Reactivation surfaces are rare, and the armoured surfaces

(Forbes, 1983) that separate mesoforms with Sp lithofacies in the bed-load fluvial
deposit B, have not been observed in the mixed-load fluvial deposit A. This lithofacies
is associated with St, Sh and Sr and is similar to the "cross-bedded sandstone facies
(S 2)" of Allen (1983).
Interpretation: interpretation of this lithofacies is similar to the equivalent

lithofacies that was discussed in the bed-load fluvial deposit B (see 3.2.1.2b).

It

represents deposits of 2-D straight crested dunes and is produced by migration of
straight crested sand sheets.

Sand supplied by the river slipped down the avalanche

face of the bar and was deposited as planar cross-bedded sandstone. Unlike the bedload fluvial deposit B, reactivation surfaces are not developed in the mixed-load fluvial
deposit A, probably indicating a more constant flow regime. These sand bars generally
form in shallower water compared to the trough cross-bedded facies (Miall, 1982,
1985a), probably in areas where flow expanded over large compound bars.

Lack of

armoured surfaces between the cosets of Sp lithofacies is probably due to a deficiency
of pebble size materials in the upper part of the uriit.

Ripple Cross-laminated Sandstone (Sr)

Ripple cross-laminated sandstone lithofacies is one of the abundant lithofacies in the
Coal Cliff Sandstone. It occurs as lenses and sheets in the overbank area, as thin layers
at the top of the in-channel dunes (Figure 5.16) and also, as a persistent (about 1.1 m
thick) layer at the top of the uppermost preserved macroform (Figure 5.17).

Both

climbing and non-climbing ripple cross-lamination are present, though the non-climbing
variety is more common. Ripples are mostly asymmetric, but symmetrical ripples are
also recognised in the fine-grained sandstone in the floodplain deposits (Figure 5.18).
In places, the symmetrical ripple marks occur as superimposed layers in which their
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crests typically show different directions. These ripples show both pointed and rounded
crests and their troughs are always rounded. Ripple wave length varies between 3 cm
to 6 cm with 4 cm being most common. Ripple height ranges between about 1 cm to
2 cm and 1.5 cm is most abundant. Ripple crests are mainly straight but curved crests
are present in places as well; crest bifurcation is rare.

Interpretation: ripple cross-laminated sandstone was deposited during wanmg
flood stages at the top of the in-channel dunes (Figure 5.16) or in the floodplain area.
They are deposits of asymmetric current ripples. In places where abundant fine-grained
sand in suspension had been available, climbing ripple cross-lamination formed, while
deficiency in sand resulted in the deposition of non-climbing ripple marks (Reineck &
Singh, 1980). The persistent Sr lithofacies in the uppermost preserved macroform in
the Coal Cliff Sandstone (Figure 5.17) is interpreted as a bar-top or levee deposit. This
stacked unit with a non-erosive base indicates that these deposits were aggradationally
deposited. It is postulated that symmetric ripple marks (Figure 5.18) were produced in
a shallow water environment by wind blowing over the surface of a stagnant body of
water. Ripple indices range between 2 to 4, ripple symmetry indices are approximately
1 and the continuity index is greater than 20, which indicate wave generated ripple
marks (Figure 5.22).

In places superimposed layers of fine-grained sandstone are

present that are separated from each other by a thin mudstone layers. These sandstone
layers contain symmetrical ripple marks and their crests show different orientations and
current directions. For example, on the shore platform immediately south of Coalcliff,
three layers of fine-grained sandstone with ripple marks are superimposed. Ripple crests
in the lowermost layer trend 060°, while crests in the middle layer trend 183° and in
the uppermost layer crests indicate an 072° direction.

It is interpreted that these

sandstone beds were reworked in the floodplain lake by different prevailing winds. This
lithofacies is associated with Sp, St, Fl and Fm lithofacies.
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Plane-bedded Sandstone (Sh)
The Sh lithofacies in this unit is similar to the Sh lithofacies described in the bed-load
fluvial deposit B (see section 3.2.l.2b).

The main difference is that here the plane-

bedded sandstone occurs only as thin layers deposited at the top of the host bedforms;
thick layers of sandstone showing Sh lithofacies are absent from this unit. These units
are similar to the fine plane-bedded sandstone facies (S 5) of Allen (1983) but the "planebedded simple bar" of Allen ( 1983) was not developed here.

The Sh lithofacies is

interpreted as upper flow regime plane-bed deposits.

5.2.2.3

FINE-GRAINED FACIES ASSEMBLAGE

Fine-grained deposits constitute between 10% to 30% of the Coal Cliff Sandstone.
Recorded lithofacies in these deposits are: parallel laminated mudstone and fine
sandstone (Fl); massive mudstone (Fm); and ironstone bands (Fib).

Parallel Laminated Mudstone and Fine Sandstone (Fl)
The lamination in these deposits is recognised by variations in colour, texture and grain
size. The thickness of laminae range between 2 mm to 1 cm.

A well developed Fl

lithofacies with crevasse splays and sheet-flood deposits occurs at the top of the unit
(Figure 5.19). The Fl lithofacies also is present within the Coal Cliff Sandstone (Figure
5.20) and in places it occurs at the base of the unit where it may contain poorly
developed crevasse splays. The Fl lithofacies within the unit is often partly or totally
eroded by the succeeding sand body and does not show crevasse splays. Commonly
the Fl lithofacies has thin ironstone bands in it (Figures 5.19-5.21).
Interpretation: parallel laminated mudstone and fine sandstone lithofacies was
deposited from suspension in the floodplain area or on bar-tops.

The presence of

abundant mica in these deposits supports deposition from suspension. Lack of crevasse
splay deposits in the Fl lithofacies within the unit may indicate that this lithofacies was
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deposited mostly as bar-top deposits, though it is possible that the parts of these units
with crevasse splays were recycled by the succeeding sand bodies. Abundant rippedup mudclasts and ironstone clasts in the associated sand bodies implies erosion and
recycling of otherwise unpreserved fine-grained deposits. Presence of crevasse splays
and sheet flood deposits in the Fl lithofacies at the top of the Coal Cliff Sandstone
suggests a floodplain environment for these deposits (Figure 5.19).

Massive Mudstone (Fm)
Massive mudstone (Fm) lithofacies is very rare m this unit indicating that the finegrained deposits mostly were deposited in the proximal parts of the floodplain and on
bar-tops rather than in distal parts of the floodplain which can only be reached by very
fine-grained suspended sediment.

The overlying shaly units of the Wombarra

depositional system contain Fm lithofacies (Figure 5.19) and represent the distal
floodplain facies of the Coal Cliff Sandstone and other equivalent channel sandstone
units (discussed in floodplain deposit A, see section 6.2.1.3).

Ironstone Bands (Fib)
One characteristic of the fine-grained deposits in the Coal Cliff Sandstone is the
presence of abundant ironstone bands.

Preserved ironstone bands range in thickness

from less than 1 cm to more than 15 cm (Figures 5.20 & 5.21) and extend laterally for
tens of metres. The presence of reworked ironstone clasts with spherical diameters of
up to 35 cm (Figure 5.12) indicates that much thicker ironstone bands were reworked.
These bands are brown to dark brown in colour, and both bands and reworked clasts
have a dark red hematitic rim up to more than 1 cm in thickness.

Interpretation: it is interpreted that these ironstone bands were deposited in
shallow pond-like environments in the floodplain area.

It is assumed that the Coal
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Cliff river(s) had been carrying iron from the weathered rocks (especially volcanic
rocks) as dissolved hydrated ferrous ions.
In the floodplain area, as the water evaporated and the amount of C02 was
insufficient to maintain all the iron as the soluble bicarbonate, siderite was precipitated
(Deer et al., 1992).

The amount of sulfide and calcium ions can control siderite

precipitation; if the amount of sulfide is high, the iron will form pyrite, and a large
amount of calcium will result in calcite precipitation (Kelts and Hsu, 1975). Therefore,
the amount of sulfide and calcium must have been low in the floodplain area. During
the precipitation of siderite the Fe/Ca ratio will decrease, i.e. the relative amount of
calcium will increase. Therefore, calcite may precipitate as an individual layer or may
fill interstitial pores in the fine-grained sandstone and siltstone in floodplain area.
Diessel et al. (1967) reported siderite and calcite group minerals in shaly units under
the mixed-load fluvial deposit A. Calcretized mudstone and sideritic bands in the Coal
Cliff Sandstone were probably deposited by this mechanism.

Similar deposits have

been mentioned by other authors, for example Allen (1983) reported red mudstone and
calcretized mudstone in the Brownstones from the Welsh Border area, England. Flores
and Hanley ( 1984) reported micritic limestone and sideritic ironstone at top of crevasse
splay deposits in the Fort Union Formation in Wyoming, USA, and GierlowskiKordesch et al. (1991) recognised a carbonate cemented continental floodplain in
alluvial-lacustrine strata in the Iberian Range in Spain.
The ironstone bands and clasts are covered by a rim of red brown material ranging
in thickness between less than 1 mm to more than 1 cm. XRD analysis of this outer
rim showed the presence of hematite and goethite. It is interpreted that the hematite
and goethite are secondary minerals, produced by alteration and oxidation of siderite as
was mentioned by Deer et al. ( 1992).

Samples taken from bore holes show less

development of the red ironstone rim, supporting a secondary origin for the red colour,
as the core samples are less weathered compared to the outcrop samples.
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5.2.3 BOUNDING SURFACES AND ARCHITECTURAL ELEMENTS OF THE
MIXED-LOAD FLUVIAL DEPOSIT A
The mixed-load fluvial deposit A is excellently exposed along the coastal cliffs and
shore platforms between Coalcliff and Scarborough. These laterally extensive exposures
of this unit were selected for applying the "bounding surfaces and architectural

elements analysis" concept to the detailed sedimentological study of this unit. Both
lateral and vertical facies changes were examined using these concepts as developed by
Miall (1985a, 1988a, b), following earlier work by Brookfield (1977, 1979), Allen
(1983) and Ramos and Sopena (1983).

Overlapping photographs taken by using a

helicopter (photographs provided by David Titheridge) were used and the method
explained in section 2.5 was employed to record field information onto overlays of the
photographs.

5.2.3.1

HIERARCHY OF BOUNDING SURFACES

In the fluvial deposits there is a hierarchy of depositional units ranging from microforms
like ripple marks to the mesoform and macroforms (such as large 2- or 3-D dunes) and
the larger scale channel belt deposit itself and even the entire depositional system (Miall,
1988b).

All of the mentioned depositional units are bounded by surfaces of non-

deposition or erosion.

The first explicit use of a hierarchy of bounding surfaces in

fluvial deposits was by Allen (1983) who followed earlier work of Brookfield (1977,
1979) on aeolian strata. He developed a three-fold hierarchy of bounding surfaces for
the Devonian Brownstones of the Welsh Borders, England.

Miall ( 1985a, 1988b)

modified and developed the concept and introduced the six orders of bounding surfaces
in fluvial deposits which are used in this study. Within the mixed-load fluvial deposit
A, six hierarchical levels of bounding surfaces are recognised (Dehghani & Jones,
1994a; Figures 5.23 & 5.24). Their description and interpretation is given below. A
summary of the recorded bounding surfaces is given in Table 5.2.
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First and Second-order Surfaces
These surfaces record boundaries of cross-bed sets and cosets, respectively. Little or
no internal erosion can be seen on the boundary of the first-order surfaces and in fact,
they represent continuous sedimentation of similar bedforms (Miall, 1988b). Secondorder bounding surfaces indicate a change in flow direction or conditions and in places
may show erosional surfaces paved with coarser grained material compared to the
surrounding deposits. However, it does not indicate a significant break in sedimentation,
but the lithofacies below and above this surface may be different. These surfaces are
laterally extensive for up to tens of metres.

Third-order Surfaces
These surfaces bound the top of mesoforms (e.g. 2-D or 3-D dunes, using terminology
of Ashley, 1990) or separate them within larger macroforms (Figures 5.23 & 5.24), for
example, bank-attached or compound bars.

Third-order surfaces are cross-cutting

erosional surfaces, normally convex-up and extend for tens of metres laterally. They
are sometimes capped by fine-grained bar-top deposits and the overlying strata may
-

contain ripped-up clasts of underlying or adjacent fine-grained units. The third-order
surfaces indicate changes in bedform orientation or stage within the macroforms (Miall,
1985a).

Fourth-order Surfaces
Tops of macroforms are bounded by these surfaces. In the Coalcliff area, the uppermost
channel sandbody represents a preserved macroform which extended laterally for several
hundreds of metres (Figures 5.23 & 5.24).

This macroform starts with in-channel

deposits at the bottom, and shows fine-grained ripple cross-laminated sandstone of levee
or bar-top origin at the top. Immediately north of the Clifton Fault, the thickest (6.6 m)
preserved macroform in the mixed-load fluvial deposit A is present (Figure 5.25). This
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macroform exhibits superimposed bedforms composed of channel floor lag deposits ;
cosets of trough cross-bedded sandstone; ripple cross-laminated sandstone; and vertically
accreted overbank deposits at the top. Fourth-order surfaces bound the tops of these
macroforms whereas third-order surfaces separate bar-top and in-channel deposits, i.e.
trough cross-bedded sandstone from ripple cross-laminated sandstone and bar-top
mudstone.

Fifth-order Surfaces
Fifth-order surfaces bound the lower parts of subordinate channels (Figures 5.23 &
5.24).

The Coal Cliff Sandstone in this area comprises up to five multistorey

subordinate channel sandstone bodies. Of these, four of the sand bodies form the lower
main in-channel deposits and one is developed within the upper floodplain deposits
(Figure 5.4). These channel bodies show fining upward sequences and the upper parts
of earlier channel deposits were eroded by the succeeding channels. In some places the
overlying channel has eroded all of the previous channel deposits and has removed one
of the stories, i.e. two fifth-order bounding surfaces are laterally joined together to form
one surface. The bounding surfaces are up to several hundred metres in lateral extent.
The basal surface (fifth-order) is often covered by a single layer of intraformational
ironstone-bearing gravel (Gis lithofacies; Figures 5.11-5.12 & 5.23-5.24) which represents
channel floor lag deposits.

The fifth-order surfaces are interpreted to be erosional

surfaces produced by migrating macroforms.

Sixth-order Surface
This surface represents the largest scale bounding surface in the mixed-load fluvial
deposit A and bounds the base of this channel sandstone belt (Figures 5.23 & 5.24).
It is a major erosional surface produced by the channel scouring into the underlying
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strata and is easy to recognise in the field.

This surface extends laterally for several

kilometres and is commonly paved with channel floor lag deposits (Figures 5.6 & 5.7).

5.2.3.2

ARCHITECTURAL ELEMENTS

Recognition of the bounding surfaces in the mixed-load fluvial deposit A permits
subdivision of this unit into a hierarchy of 3-D rock units.

Each rock unit is

characterised by a distinctive lithofacies and geometry which is called an architectural
element following the work of Allen (1983) and Miall (1985a, 1988b). Miall (1985a,
1988b) introduced eight basic architectural elements in fluvial deposits (Table 2.1 ).
The following architectural elements are recognised in the Coal Cliff Sandstone (Figures
5.23 & 5.24): gravelly bedform element (GB); downstream to lateral accretion element
(DLA); lateral accretion element (LA); sandy bedform element (SB); and overbank fines
element (OF).

Concave-up channel elements (CH) were not distinguished, probably

because the angle of the cliffs is subparallel to the palaeocurrent direction, but indirect
criteria, such as erosional surfaces and scouring with channel-floor lag deposits, are
conspicuous in the study area.

A summary of the recorded architectural elements is

given in Table 5.3.

Gravelly Bedform Element (GB)
Gravelly bedforms are not a common element in the mixed-load fluvial deposit A and
only occur in the lower part of the unit.

On the shore platform south of Coalcliff

(Figures 5.8 & 5.9) a conglomeratic mesoform, which is almost parallel to the
palaeocurrent direction, is preserved. It is a massive to crudely stratified conglomerate
(Gm lithofacies) and the clasts exhibit rather common imbrication. The lower part is
bounded by a fifth-order bounding surface indicating the base of a subordinate channel.
This surface is paved with ironstone lag gravels and coalified and petrified logs. This
conglomeratic mesoform is interpreted as a longitudinal bar deposit in the channel and
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represents a GB element in the mixed-load fluvial deposit A. The Gif lithofacies is
also considered to be part of the GB element. Gravelly bedform elements only occur
in the lower part of the unit.

Downstream to Lateral Accretion Element (DLA)
The dominant architectural element in the mixed-load fluvial deposit A is the
downstream to lateral accretion element (DLA). It forms macroforms and mesoforms
which were deposited in all the major channels (Figures 5.23 & 5.24).

They are

bounded by fifth and fourth-order surfaces (except for the lowermost sandbody which
is bounded by a sixth-order surface at the base). This architectural element shows an
upward decrease in set thickness and grain size. Recognition of macroforms is based
on evidence of long term oblique or downstream accretion of smaller bedforms
(mesoforms) on inclined bedding surfaces (Miall, 1988b). In the Coal Cliff Sandstone,
in-channel bedforms, produced mostly by downstream to lateral accretion, are
represented by deposits of the 3-D dunes (sinuous crested) and 2-D dunes (straight
crested) that migrated along the channel floor or at the top of the host bedforms. In
the direction of flow , these inferred DLA elements can be traced for at least tens of
metres. In an across-flow direction, the extent of DLA elements is not clear, but from
the limited cross-sectional coastal exposures a minimum width of about 10 m is
deduced.

The DLA architectural elements are probably similar in scale to the

encompassing major channels (Wizevich, 1992).

Sandy Bedform Element (SB)

In the upper part of the Coal Cliff Sandstone, mudstone is interbedded with finegrained sandstone.

The sandstone shows ripple cross-lamination and isolated small

planar-tabular cross-bedding. Sandbodies with a lenticular geometry are interpreted as
crevasse splay deposits, whereas those that are laterally uniform and extensive are
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interpreted as sheet-flood deposits. Development of the SB element varies in different
places, for example, in some places well developed interbedded SB and OF elements
are present (Figure 5.23) whereas in other areas the SB element is limited to bar-top
deposits. Thickness of sandy bedforms ranges from less than 10 cm to more than 1 m,
the thickest recorded SB element is north of the Coalcliff adit.

Lateral Accretion Element (LA)
Lateral accretion is recognised by low-angle bedding surfaces that dip oblique or
orthogonal to the flow (transport) direction. In places, where bedforms can be seen in
3-D, bedforms with foresets oblique to the palaeocurrent are included in the DLA
element. Typical lateral accretion with epsilon cross-bedding (Allen, 1963) or inclined
heterolithic stratification (IHS) of Thomas et al. (1987), which normally represents
point bar deposits, was not found in this area.

However, in places (e.g. south of

Scarborough) particularly in the upper part of the unit, poorly developed heterolithic
units with low angle cross-bedding are present and are interpreted as LA elements.
Miall and Turner-Peterson (1989) reported the presence of lateral accretion elements
and downstream accretion elements in the same outcrops. Paucity of the LA element
in this unit could also be related to the accident of exposures and limitation of the
outcrops.

Several authors have argued about epsilon cross-bedding and its role for

deducing the type of channel.

Collinson ( 1978) noted that absence of epsilon cross-

bedding does not prove that point bars were not involved. On the other hand, Jackson
( 1978) argued that epsilon cross-bedding is not only present in point bar deposits of
meandering river systems but it can occur in any river showing surfaces of lateral
accretion.
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Overbank Fines Element (OF)
The mixed-load fluvial deposit A shows an overall fining upward sequence with finegrained overbank deposits at the top. This fine-grained deposit is interpreted as an OF
element which is interbedded with SB elements (Figures 5.23 & 5.24). On the platform
immediately south of Coalcliff, wave generated symmetrical ripple marks and trace
fossils (probably Planolites) were recognised in an OF element (Figures 5.18 & 5.26).
These features, plus the lack of desiccation cracks in OF elements indicate a wet
floodplain area (pond-like) with stagnant bodies of water in some places. OF elements
also can be seen within the Coal Cliff Sandstone, but often this element is partly or
totally eroded prior to the deposition of the succeeding sand body (Figure 5.27). At the
top of the uppermost macroform (Figures 5.23 & 5.24) a laterally extensive fine-grained
sandstone shows conspicuous cross-lamination (Figure 5.17). As previously discussed,
this sandstone is interpreted as a bar-top or possibly part of a levee deposit.

The

presence of stacked units with non-erosive bases implies that the levee deposits are
largely aggradational. The OF element in the Coal Cliff Sandstone forms from about
10% to more than 30% of the sequence by volume.

5.2.4 PALAEOHYDROLOGY OF THE MIXED-LOAD FLUVIAL DEPOSIT A

An introduction to the palaeohydrology of the fluvial deposits is given in section 3 .2.1.4
and is used here to estimate palaeochannel depth, width, velocity and discharge.

Channel Depth
Calculated depth using the equation from Allen (1968, 1970; H = 0.086Du 9) is between
1.5 m to 4.5 m considering 30 cm and 120 cm as minimum and maximum dune
thickness respectively. As in most cases the upper part of each dune is eroded by the
succeeding channel sandbody, the calculated depth would thus be a minimum depth.
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Cutbank height, which can be used as a control for palaeochannel depth, is absent
m the studied area, but preserved macroforms are well developed and are used to
estimate channel depth. The uppermost sand storey in the mixed-load fluvial deposit
A represents a completely preserved macroform where thickness ranges between 2.3 m
to 3.10 m.

As this macroform includes in-channel, bar-top and levee deposits, its

thickness roughly shows bankfull channel depth.

The thickest recorded macroform

which exhibits a complete sequence of strata from channel floor lag to vertically
accreted bar-top and floodplain deposit is present immediately north of the Clifton Fault
(Figures 5.1 & 5.25). This macroform, which is interpreted as a bank-attached bar is
6.6 m thick and indicates that, in places, the Coal Cliff river could have been up to
about 7 m deep during flood.

As was mentioned in section 3.2.1.4, in this study a

maximum dune height to bankfull channel depth ratio of 1:4 was used to give a 4.8 m
depth for the mixed-load fluvial deposit A, which closely correlates with the calculated
depth determined using empirical equations.

Channel Width
To calculate channel width the equation from Leopold and Maddock (1953;
W = 42D1.1 1) was used.

Leeder (1973) also developed a formula (W = 6.8D1. 54) for

determining width of the fining upward fluvial deposits for rivers with more than 1. 7
sinuosity (as was used by Gibling and Rust, 1993).

Since the Coal Cliff Sandstone

shows a typical fining upward sequence this equation was tried as well, though it is
postulated that Coal Cliff river(s) had a lower sinuosity. By using the former equation,
a channel width between 100 m and 335 mis calculated, while, the latter formula gives
a lower width ranging from 35 m to 195 m.
A channel width/depth ratio of 50 was suggested for the low to moderate sinuosity
fluvial systems in the studied succession (see section 3.2.1.4). Based on this ratio the
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calculated channel width ranges between 75 m and 225 m which conforms with the
computed width from empirical equations.
Preserved sedimentary structures in this unit also give some indication about
channel width, for example, the partly preserved longitudinal bar on the shore platform
south of Coalcliff is up to 25 m wide (Figure 5.9), another conglomeratic unit on this
platform is about 40 m east of the former unit and probably similar units were present
to the east of the preserved units and have been eroded by the wave action.

Since,

these two units appears to have been deposited formed at the same time and in the
same channel, a minimum width of more than 100 m can be considered during flood
stage.

Palaeovelocity

In the mixed-load A, grain sizes from clay to 2 cm pebbles are present. The preserved
grain size is directly related to the river competency. Two and three dimensional dunes
that accumulated as in-channel deposits range in grain size between 0.2 to 2 mm
(medium- to very coarse-grained sandstone).

Based on the Sundborg ( 1956; Figure

3.32) diagram, water velocities from 50 emfs to 120 emfs are required to transport these
materials if the depth was 1 m. Still larger velocities would be required for the depth
determined for the Coal Cliff river(s).

Derived numbers coincide with the mean

velocities needed to form 2- and 3-D dunes in the diagrams from Costello (1974),
Harms et al. (1975) and Ashley (1990; Figures 3.30, 3.31 & 3.33).
Gravels that were deposited as longitudinal bars in this unit only formed and
moved during flood conditions, however, based on the Sundborg diagram, a velocity of
about 2 mis is required to move grains about 1.5 cm in diameter if the depth was 1 m.
Still larger velocities are envisaged, as the Coal Cliff river(s) were much deeper
particularly during floods.

The large ironstone clasts in the unit (up to 35 cm in
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diameter) are believed to be locally derived and only moved across the channel floor
by rolling. They cannot be used as a reliable palaeovelocity indicator.

Palaeodischarge

Calculated channel depth, width and velocity can be used to estimate palaeodischarge
of the river by using this simple equation: Q = DWV. Palaeodischarge during calm
time is calculated to be about 75 m3/s considering H = 1.5 m, W = 70 m and
V = 70 emfs. A palaeodischarge equal to 675 m3/s is calculated for the Coal Cliff river
during flood assuming 3 m depth, 150 m width and 1.5 mis for velocity.

Thick

macroforms indicate depth up to 7 m for the Coal Cliff river which marks even higher
palaeodischarge during flood.

5.2.5 DISCUSSION

The mixed-load fluvial deposit A shows numerous lateral and vertical changes in
lithofacies and architectural elements. Field evidence from mesoforms, macroforms and
the relationships between them indicate a fluvial environment of deposition for the Coal
Cliff Sandstone.

These criteria include: (1) fining-upward channel-fill deposits; (2)

closely spaced erosional surfaces in multistoried sandbodies; (3) channel-floor scouring
and associated lag deposits that demarcate channel bases; (4) palaeocurrent data indicate
a unidirectional palaeocurrent for individual mesoforms and macroforms; (5) presence
of overbank deposits with crevasse splays; (6) lack of body fossils and paucity of trace
fossils; and (7) abundant coalified and petrified logs and plant fragments.

A fluvial

interpretation is also supported by the lack of sedimentary structures indicative of
shallow marine and estuarine environments such as: herringbone cross-bedding; flaser
and lenticular bedding; and mud draped foresets.
Internal architecture of the Coal Cliff Sandstone supports a fluvial origin as well.
The dominant element is downstream to lateral accreted mesoforms and macroforms
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indicating accumulation of 2- and 3-D dunes in the channel. Presence of GB elements
indicates transportation of gravel size material during flood events and formation of
longitudinal bars in the channel. In-channel deposits comprise St lithofacies, indicating
deposits of 3-D sinuous crested dunes in the deeper part of the channel, and Sp
lithofacies indicating deposition of 2-D straight crested dunes (transverse bars) in the
shallower parts of the channel.
high to waning flow stages.

Fining upward sequences show sedimentation during

The unit was terminated with interbedded OF and SB

elements which indicate floodplain, and crevasse splay and sheet flood deposits. High
percentages of fine-grained sediments (from less than 10% to about 30%) indicate a
mixed load-dominated system. Well developed fining-upward and high percentages of
fine-grained deposits favoured a high sinuosity system (Walker & Cant, 1984), but
paucity of laterally accreted bedforms, and the presence of closely spaced erosional
surfaces in multistoried sandbodies indicating high rates of lateral migration (highly
erodible banks), abundant downstream accreted elements, lack of clay plugs, and
relatively uniform palaeocurrent trend does not support a meandering system for the
lower part of the Coal Cliff Sandstone. Overall, evidence points to a low to moderate
-

sinuosity, mixed-load fluvial system for deposition of the Coal Cliff Sandstone.
In sequence stratigraphic terminology the sixth order bounding surface at the base
of the Coal Cliff Sandstone could represent a tectonically influenced (allocyclic)
boundary or a more localised erosion surface possibly influenced by small eustatically
influenced sea level changes. In he past this surface has been interpreted as a widely
developed erosion surface across the Sydney Basin (Herbert, 1980a, 1993a).

In this

context it would represent a type 1 unconformity which bounds the base of the N arrabeen Group seuence. However, in the Coalcliff area this boundary is now recognised
as a localised feature (Clark, 1992) with the Coal Cliff Sandstone and equivalent coarsegrained units occurring as lenses within the Wombarra depositional system. Since the
Coal Cliff Sandstone is not a laterally continuous blanket deposit, the erosion surface
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at the base of the unit should be considered as localised erosional surface produced by
the Coal Cliff channel(s) incision into the underlying strata, rather than a major
sequence boundary. This conforms with the interpretation presented by Arditto ( 1991)
who placed the base of the next sequence boundary at the contact between the
Wombarra Shale and Scarborough Sandstone. In this study the Coal Cliff Sandstone
is considered to form a sandstone member of the Wombarra depositional system.

5.3

MIXED-LOAD FLUVIAL DEPOSIT B

The mixed-load fluvial deposit B is the uppermost sandstone unit m the studied
succession and constitutes the upper part of the Bulgo depositional complex as proposed
in this study.

It correlates with the shaly facies of the Bulgo Sandstone of Ward

(1971a, 1972, 1980) and the upper Bulgo braidplain system of Reynolds (1988). The
outcrops of this unit are located in the Garie North area.

It is worth mentioning that

in the braidplain, and even in places in the bed-load part of the Bulgo depositional
complex (lower and middle parts of the complex), fine-grained deposits are abundant
and may represent locally developed mixed-load rivers. However, in general the amount
of fine-grained materials increases upward and its maximum is in the mixed-load fluvial
deposit B .

5.3.1 BOUNDARIES
The lower boundary of the mixed-load fluvial deposit B is somewhat arbitrary; it has
a gradational contact with the underlying braidplain deposits and where the amount of
fine-grained deposits gradually increases upward and sandstone layers seems to be
subordinate, it is considered to become the mixed-load fluvial deposit B (Figure 5.28).
Toward the top, the number of sandstone layers gradually decreases and amount of the
reddish deposits of the overlying floodplain deposit C increases, until it becomes
completely fine-grained; therefore its upper boundary is gradual as well (Figure 5.29).
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5.3.2 LITHOFACIES
The mixed-load fluvial deposit B has some differences compared to the rest of the
fluvial deposits studied in the Narrabeen depositional sequence. The main difference
is the lack of conglomerate units in these deposits and also the high proportion of finegrained deposits in places. Lack of conglomeratic units in this deposit is considered to
be related to the limited size range of sediment supplied to the river, because preserved
sedimentary structures indicate that the river had competency to carry pebble size
materials (see 5.3.4 for discussion). The only conglomerate lithofacies present are lag
deposits (Gld lithofacies), as was discussed in section 3.2.1.2a. Two facies assemblages
are recognised in this unit: a sandstone facies assemblage; and a fine-grained facies
assemblage. A summary of the recorded lithofacies is given in Table 5.4.

5.3.2.1

SANDSTONE FACIES ASSEMBLAGE

Sandstone is the main facies assemblage in this unit and it occurs as thick units and
lenses in the mixed-load fluvial deposit B. Grain size ranges from fine- to very coarsegrained. Recognised lithofacies are: trough cross-bedded sandstone (St); planar crossbedded sandstone (Sp); plane-bedded sandstone (Sh); and ripple cross-laminated
sandstone (Sr).

Trough Cross-bedded Sandstone (St)
Trough cross-bedded sandstone is common and mostly occurs as cosets of troughs
ranging in thickness between 20 cm to more than 70 cm (Figure 5.30). Large troughs
normally cross-cut each other with erosional bases. Interpretation of this lithofacies is
similar to that given for equivalent lithofacies in chapters three and four. It represent
deposits of 3-D dunes in the deeper parts of the channel.
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Planar Cross-bedded Sandstone (Sp)
Planar cross-bedded sandstone occurs as sets and cosets ranging m thickness from
20 cm to about 1 m. Reactivation surfaces are rare in the Sp lithofacies. Some of the
laterally extensive sandstone layers in the floodplain area show planar cross-bedding.
They are interpreted to be shallow crevasse channels that migrated laterally.

Bridge

(1984) noted that some crevasse channels could be quite large and superficially resemble
the main channels. This lithofacies is fully discussed in section 3.2. l .2b; it forms in
shallower water than the St lithofacies and represents deposits of 2-D straight crested
dunes in the channel.

Plane-bedded Sandstone (Sh)
Fine- to medium-grained plane-bedded sandstone is common in the mixed-load fluvial
deposit B, and mostly occurs in two forms.

One consists of the thin layers of Sh

lithofacies (between 10 cm to 30 cm) above host bedforms of Sp and/or St lithofacies.
The second form, which is more common, occurs as layers and lenses of plane-bedded
sandstone encased in the fine-grained deposits (Figure 5.31). Thickness of layers and
lenses ranges from less than 10 cm to about 1 m and they are laterally continuous for
tens of metres.
Interpretation: the Sh lithofacies represents deposits of upper flow regime plane
beds.

The thin layers of plane-bedded sandstone at the top of the planar or trough

cross-bedded sandstone lithofacies were deposited as flow depth decreased over the top
of the dunes resulting in upper flow regime deposits.

Lenses and sheets of plane

bedded sandstone (Figure 5 .31) are interpreted as crevasse channel and splay deposits.
These deposits were brought into the floodplain area during flood by shallow channels
carrying fine- to medium-grained sand as sand sheets.
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Ripple Cross-laminated Sandstone (Sr)
The ripple cross-laminated sandstone is present as thin layers above the Sp and St
lithofacies and also in the fine-grained deposits.
linguoid-type current ripples (Figure 5.32).

It mostly occurs as asymmetrical

Interpretation of the Sr lithofacies is

discussed in sections 3.2. l.2b and 5.2.2.2. They are deposits of small ripple at the top
of 2- and 3-D dunes deposited during waning flood stages.

5.3.2.2

FINE-GRAINED FACIES ASSEMBLAGE

Fine-grained deposits are present as thin layers at the top of the host dunes and also as
thick units with intercalations of sandstone (Figure 5.31). It mostly occurs as parallel
laminated mudstone and fine sandstone (Fl) lithofacies; massive mudstone (Fm) has not
developed in the mixed-load fluvial deposit B.

Parallel Laminated Mudstone and Fine Sandstone (Fl)
Variation in colour, texture and grain size has produced lamination in these deposits;
laminae thickness ranges from 1 mm to 1.5 cm. The Fl lithofacies occurs in two forms

-

in this unit: ( 1) as thin layers ranging in thickness between 10 cm to about 50 cm
which are normally present at the top of the cross-bedded or cross-laminated host units;
and (2) as thick units with thickness ranging from 50 cm up to 8 m (Figures 5.31 &
5.33) with interbedded fine-grained sandstone lenses and layers.

Interpretation: the Fl lithofacies is interpreted as vertically accreted overbank
and floodplain deposits. Thin layers of parallel laminated niudstone at the top of the
units with Sp, St and Sr lithofacies represent bar-top deposits while thick parallel
laminated mudstone units with interbedded sandstone are interpreted to be floodplain
and crevasse splay deposits. Abundant sandstone interbeds, ranging in thickness from
less than 5 cm to more than 1 m, indicate a proximal floodplain environment for these
deposits. This is supported by the lack of massive mudstone (Fm) lithofacies in this
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unit.

Fm lithofacies normally indicate more distal floodplain which only very fine-

grained sediment can reach.

5.3.3 ARCillTECTURAL ELEMENTS
The following architectural elements are recognised in the mixed-load fluvial deposit B:
downstream to lateral accretion element (DLA); sandy bedform element (SB); and
overbank fines element (OF).

Gravelly bedform elements (GB) and lateral accretion

elements (LA) related to point bar deposition have not been observed in this unit.
Concave-up channel elements also were not found, probably due to cliffs being oriented
almost parallel to the palaeocurrent direction, though indirect criteria like scoured
surfaces with lag deposits and in-channel deposits are ubiquitous. A summary of the
recorded architectural elements is given in Table 5.5.

Downstream to Lateral Accretion Element (DLA)
The DLA element is fully discussed in section 3.2.1.3.

The sandstone cosets with

trough and planar cross-bedding were deposited mainly by downstream accretion and to
a lesser extent by oblique to lateral accretion (Bridge, 1993) in the channel and are
inferred to be DLA elements.

They formed mesoforms and macroforms that were

deposited in the channel.

Sandy Bedform Element (SB)
Sandstone with Sr and Sh lithofacies that are present as bar-top or crevasse splays are
interpreted as SB elements. In places, SB elements are abundant and are interbedded
with OF elements (Fig 5.31 ).

Solitary sandstone units with Sp lithofacies are also

considered to be sandy bedform elements.
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Overbank Fines Element (OF)
The overbank fine element is one of the most abundant elements in these strata.

It

occurs as bar-top and floodplain deposits with mostly Fl lithofacies. In places, the OF
element is well developed and is interbedded with SB elements (Figures 5.31 & 5.33).
The OF element in this unit is normally composed of siltstone, mudstone and finegrained sandstone and forms coarse floodplain deposits (using terminology of Fielding,
1986).

5.3.4 PALAEOHYDROLOGY OF THE MIXED-LOAD FLUVIAL DEPOSIT B
The method which is used here for calculating or deducing channel parameters like
depth, width, velocity and discharge are fully discussed in section 3.2.1.4.

Channel Depth
Direct criteria for measuring channel depth like cutbank height and scour depth have
not been observed in the study area, however some compound bars are present and are
used to control channel depths calculated by using empirical equations. Allen's ( 1968,
1970) equation (H = 0.086Du 9) provides calculated depths of between 1.5 m and 4.7 m,
considering 30 cm as a minimum and 1.3 m as a maximum dune height. The computed
depth conforms with the thickness of preserve macroforms at Garie North Head which
are 4.2 m thick.

Abundant large troughs in the unit indicate that relatively deep

channels were involved.

Channel Width
To estimate channel width, the formula of Leopold and Maddock (1953; W = 42D1.1 1)
was used.

Leeder (1973) developed a formula (W = 6.8D1. 54) for fining upward high

sinuosity fluvial deposits which is used as a control for channel width. By using the
former equation, channel width is calculated to be between 100 m and 350 m, but latter
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formula give a lower width that ranges between 35 m and 210 m.

The latter is

probably more appropriate for this type of river.
As mentioned earlier (section 3.2.1.4), a channel width/depth ratio of 50 is
considered to be reasonable for low to moderate sinuosity mixed-load fluvial deposits.
Based on this ratio the calculated channel width would be between 75 m and 235 m
which is close to the width computed using empirical equations.

Three dimensional

outcrops that show the lateral extent of the sedimentary structures are absent from the
mixed-load fluvial deposit B and cannot be used as a width controller.

Palaeovelocity
In the mixed-load fluvial deposit B, grain size ranges from clay and siltstone to very

coarse-grained and pebbly sandstone.

Based on the Sundborg (1956; Figure 3.32)

diagram, water velocities from 50 emfs to 120 emfs above the bedforms are needed to
transport grains with these sizes at 1 m depth. The estimated velocities conform with
the mean velocities needed to form 2- and 3-D dunes with the above mentioned grain
sizes in the channels (Costello, 1974; Harms et al., 1975; Ashley, 1990; see Figures
3.30, 3.31 & 3.33).

Palaeodischarge
The palaeodischarge during calm and flood is postulated to be 85 m3/s and 720 m3/s
respectively, considering 1.5 m and 4 m as probable depths during normal and flood
discharge, 80 m and 150 m as channel width, and 70 emfs and 120 emfs as velocity
during calm and flood periods.
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CHAPTER SIX
FLOODPLAIN AND LACUSTRINE DEPOSITS

6.1

INTRODUCTION

Thick sequences of fluvial deposits are present m most sedimentary basins adjoining
mountainous areas. In the fluvial systems, a major part of the succession is commonly
composed of floodplain deposits.

Despite the volumetric percentage of floodplain

deposits as opp~sed to channel deposits, in the past they have received little attention
by sedimentologists except for the work of Bridge (1984) who studied the relationship
of extra-channel deposits and channel avulsion episodes.

In-channel deposits have

attracted sedimentologists for a long time and several models, mostly based on vertical
profiles (Miall, 1982) have been developed to study these deposits.

One reason is

probably the presence of various sedimentary structures in the in-channel deposits that
provide information about the conditions under which the sediments were deposited.
Similar sedimentary structures are present in modem fluvial systems and can be used
for modelling the ancient ones. On the other h_and, l1oodplain deposits are mostly finegrained (clay, silt and mud) and normally have few sedimentary structures that can be
used for environmental interpretation. Modem examples of floodplains are often covered
by vegetation which makes them hard to study.

Furthermore, modem examples are

difficult to interpret because relatively rapid climatic and sea-level changes in the
Quaternary have produced subsurface sedimentary facies that are different from the
modem flow and sedimentation conditions (Bridge, 1984).

It is not only difficult to

distinguish individual or composite units in the floodplain deposits but also; in many
cases, it is almost impossible to correlate them laterally even for a short distance (Bown
& Kraus, 1987).

However, as was noticed by Marzo et al. (1988) and Garcia-Gil

( 1993 ), if palaeosol horizons are present, they are very useful for correlation purposes.
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Floodplain deposits are dominated by deposition from suspension and are mostly
vertically accreted. Nanson (1986) proposed a theory for formation of the floodplains
which encompasses both vertical and lateral accretion processes. Reid (1994) argued
that vertical accretion may be more characteristics of the perennial rivers in humid
environments than ephemeral streams in arid areas. In the low gradient areas where the
stream power is insufficient for bank erosion and the banks are normally vegetated and
cohesive, the channels are unable to migrate laterally. In this case, vertical accretion
becomes the main process on the floodplain (Nanson & Young, 1981). However, in
areas with very low gradients, aggradation may occur in the channels and, as a result,
the vertical accretion of the floodplain deposits may be accelerated due to the
increased frequency of overbank flows (Reid & Frostick, 1994). In rapidly aggrading
systems, both in-channel and overbank deposits tend to be preserved, while in slowly
aggrading systems the floodplain deposits are recycled by the lateral migration of the
channels and, therefore, preservation is strongly biased toward the in-channel deposits
(Brierley, 1993). Floodplain deposits close to the main channels (proximal floodplains)
normally are coarser grained and comparable with the channel bar-top deposits; they
become finer grained as distance from the channel increases. The basic sedimentation
unit in a floodplain sequence is centimetre to decimetre thick bedsets deposited by
discrete overbank flooding events (Bridge, 1984). In the distal floodplains, the grain
size is mostly in range of fine silt and clay and may be laminated or massive. Flood
laminae rarely exceed a few centimetres and most of them are normally a few
millimetres thick (Walling et al., 1992). Vegetation in the floodplains helps to trap the
sediment. Sedimentation rates in floodplains is not well known, however it varies due
to the river type, topography, drainage, climate etc. Mckee et al. (1967) reported that
in a single large flood about 1 m of sediment was deposited adjacent to Bijou Creek,
Kansas. Shutton ( 1978) considered a 5 mm per year rate of sedimentation in the lower
Severn-Avon valley, while Brown (1987) reported a 1.4 mm per year rate for the lower
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River Severn, U.K.

However, the sedimentation rate 1s higher in areas close to the

channels.
On the floodplain surface a variety of depositional environments may be present
including abandoned channels and ponds. Proximal floodplain deposits normally contain
numerous crevasse splay and levee deposits that can be used to locate the palaeochannel
position. In humid areas swamps may develop in the inter-channel areas while in the
arid environment desiccation cracks can develop and aeolian sand dunes may be present
on the floodplains.
In recent years numerous studies have focussed on fine-grained fluvial systems,
particularly on preserved palaeosol horizons in the floodplain deposits. These studies
have improved our understanding about autocyclic and allocyclic controls on sediment
accumulation in floodplain areas.

6.2

FLOODPLAIN AND LACUSTRINE DEPOSITS

IN THE STUDIED

SUCCESSION
Three floodplain to lacustrine deposits are recognised in the studied succession and are
termed floodplain deposit A, B and C in ascending stratigraphic order. The floodplain
and lacustrine deposit A constitutes the shaly parts of the W ombarra depositional system
as proposed in this study (Figure 6.1). It constitutes fine-grained deposits between the
Bulli seam and the mixed-load fluvial deposit A (Coal Cliff Sandstone), and the
Wombarra Shale below and above the Otford Sandstone Member (bed-load fluvial
deposit A).

The floodplain deposit B constitutes the shaly parts of the Scarborough

depositional system as proposed in this study; it correlates with the Stanwell Park
Claystone of Hanlon et al. (1953) and the floodplain facies of the Scarborough fluvial
system as proposed by Reynolds (1988).

The floodplain deposit C constitutes fine-

grained deposits of the upper Bulgo depositional system and it correlates with the Bald
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Hill Claystone of Hanlon et al. (1953) and the Bald Hill depositional complex of
Reynolds ( 1988).

6.2.1 FLOODPLAIN AND LACUSTRINE DEPOSIT A
The floodplain and lacustrine deposit A is the lowermost fine-grained unit present in
the studied succession. It is part of the bigger W ombarra depositional system which
includes these deposits plus two sandstone units, i.e. the mixed-load fluvial deposit A
(Coal Cliff Sandstone) and the bed-load fluvial deposit A (Otford Sandstone Member;
Figure 6.1). The floodplain and lacustrine deposit A constitutes between 60% to 70%
of the W ombarra depositional system by volume. These strata are informally subdivided
into three parts: lower, middle and upper fine-grained units (Figure 6.1).

The lower

fine-grained unit includes all the strata above the widespread Bulli seam and under the
channel sandstone of the mixed-load fluvial deposit A (Figure 5.6). It correlates with
the mudstone and shale subgroup and laminite subgroup of Diessel et al. (1967). The
middle fine-grained unit, constitutes the strata above the mixed-load fluvial deposit A
and under the bed-load fluvial deposit A; it forms the major part of the floodplain and
lacustrine deposit A (Figure 6.1).

The upper fine-grained unit includes the strata

between the bed-load fluvial deposit A and the bed-load fluvial deposit B (Scarborough
Sandstone; Figure 6.1 ).

The middle and upper fine-grained units plus the bed-load

fluvial deposit A correlate with the Wombarra Shale of Hanlon et al. (1953).

6.2.1.1

BOUNDARIES

The lower fine-grained unit has a gradational contact with the underlying Bulli seam
and associated carbonaceous strata (except in places where a thin palaeosol horizon is
present which indicates a slight hiatus; Figure 6.2) and an erosional contact with the
overlying mixed-load fluvial deposit A (Figure 5.6).

In places, all the lower fine-

grained strata were eroded away by the Coal Cliff channel(s) and the fluvial sandstone
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rests directly (normally with a channel floor lag deposit) on the Bulli seam (Figure 5.7).
The middle fine-grained unit normally has a gradational contact with the underlying
mixed-load fluvial deposit A (Figure 5.19), however, in places this contact is sharp
(e.g. immediately north of the Clifton Fault). The middle fine-grained unit is overlain
by the bed-load fluvial deposit A with a distinct erosional surface (Figure 6.3).

The

upper fine-grained unit also has a gradational contact with the underlying fluvial
sequences (bed-load fluvial deposit A) and is overlain by the bed-load fluvial deposit
B with a basin-wide erosional surface (Figure 6.4).

6.2.1.2

LOWER FINE-GRAINED UNIT

The lower fine-grained unit overlies the Bulli seam and its associated strata.

Its

thickness in the coastal outcrops between Coalcliff and Scarborough ranges from zero
to about 1.2 m (Figures 5.6 & 5.7); changes in thickness are due to erosion of part of
the sequence by the Coal Cliff river(s). It has a variable thickness towards the west
but, generally, its preserved thickness increases in this direction.

Preserved thickness

of the strata between the Bulli seam and the overlying fluvial deposits reach up to
11.70 m in the Iluka 60 bore hole where it appears at depths between 474.03 m and
485.74 m (see appendices 2 & 3).

In the eastern part of the Appin Colliery

mudstone/shale facies reach up to 27 m in thickness (Diessel et al., 1967). Hanlon et
al. (1953) defined the type section of the Coal Cliff Sandstone in the coastal area

between Clifton and Coalcliff and included the underlying shale unit in the Coal Cliff
Sandstone. However, as was noticed by Diessel et al. (1967) and Clark (1992), these
strata have a close affinity with the underlying Bulli seam. In this study, these strata
are excluded from the Coal Cliff Sandstone (mixed-load fluvial deposit A) and
considered to be the lower part of the Wombarra depositional system; the Coal Cliff
Sandstone forms a member of this depositional system.
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6.2.1.2a

LITHOFACIES

Rock types in the lower fine-grained unit were described by Diessel et al. ( 1967) and
Clark (1992).

The following discussion has benefited from these studies.

Five

lithofacies are recognised in the lower fine-grained unit: pedogenic features (P);
carbonaceous mudstone (C); laminated mudstone and fine-grained sandstone (Fl);
massive mudstone (Fm); and ripple cross-laminated sandstone which are discussed in
the following section. A brief discussion of the Bulli seam is also given. A summary
of the recorded lithofacies is given in Table 6.1.

Bulli Seam
The studied succession starts immediately above the Bulli seam, therefore, a brief
description and consideration of the depositional environment of this seam will be given
here. The Bulli Coal is the uppermost coal seam in the Illawarra Coal Measures of the
Southern Coalfield and is normally between 1.5 m to 2.5 m thick.

It is the most

economically exploited coal seam in this area. The Bulli seam was formed following
development of a widespread peat mire in an upper deltaplain (Bamberry, 1991) or
upper deltaplain/fluvial environment (Clark, 1992).- Some sedimentary incursions are
present in the Bulli seam splitting it in places, they are attributed to a fluvial system
flowing to the south or southwest (Clark, 1992).

The Bulli Coal accumulation and

quality (thickness, ash, vitrinite, phosphorous and sulfur content, silica/alumina ratio)
was controlled mainly by subsidence and hence the position of the water-table in the
basin. These controls were related to activity in the subduction zone to the east of the
basin (Bamberry, 1991; Clark, 1992).

Thickness and character of the Bulli seam in

some parts of the coalfield was probably controlled by contemporaneous structural
activity which produced a series of very low amplitude broad northwest-trending folds
(Jakeman, 1981). The tectonic regime of a given basin is considered to be the main
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controller of peat accumulation (Fielding, 1987). The low sulfur content of the Bulli
Coal indicates accumulation in a fresh water swamp.

Pedogenic Features (P)
Immediately above the Bulli seam, in places, a dark brown mudstone-claystone band
with variable thickness exists. This band separates the Bulli Coal from the overlying
highly carbonaceous dark grey mudstone (Upper Transitional Ply or Blacks). Diessel
et al. (1967) concluded that this claystone, petrologically, is a pellet-tonstein composed

mostly of kaolinite stained by humic substances.

Clark ( 1992) suggested a probable

palaeosol origin for it, and this is supported by the presence of abundant rootlets in this
unit in the Iluka 60 bore hole at depths between 485.62 and 485.74 which is just above
the Bulli seam. Herbert ( 1993b) reported that in the northern part of the basin in the
coastal outcrops of the Wybung Head a 20 cm thick palaeosol remnant rests on the
Wallarah Coal (equivalent to the Bulli seam) which is similar to the above mentioned
palaeosol.

Carbonaceous Mudstone (C)
The highly carbonaceous dark grey mudstone (Upper Transitional Ply or Blacks) has a
gradational contact with the Bulli seam (except where the brown claystone band is
present) and the overlying laminated mudstone and fine-grained sandstone (Figure 6.2b ).
However, in places it is massive with a conchoidal fracture and gradually changes
upward into the light grey to brown mudstone.

These strata have a close genetic

affinity to the underlying Bulli Coal (Diessel et al., 1967; Clark, 1992) and mark the
last peat accumulation in this area.

The high inertinite content of this unit suggests

repeated oxidation, probably due to exposure above the water-table or influxes of
oxygen-rich water (Clark, 1992).

Abundant mudcracks in the mudstone strata were

reported by Diessel et al. ( 1967), and mudcracks filled with fine-grained sandstone are
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recognised in the Iluka 55 bore hole at depths between 443.74 m and 443.90 m.
Presence of these structures supports the oxidation of the peats by subaerial exposure.
A similar lithofacies was reported at the top of the Newcastle Coal Measures in the
northern part of the basin (Herbert, 1993b).

Laminated Mudstone (Fl), Fine-grained Sandstone (Sr) and Massive Mudstone
(Fm)

Above the carbonaceous mudstone (C) lies a relatively thick sequence of laminated
mudstone and fine-grained sandstone (Fl lithofacies; Figure 6.2c). Sets of thin sandstone
layers are present in places and show symmetrical ripple marks; they are well preserved
in colliery roofs as reported by Diessel et al. (1967) and Clark (1992).

Massive

muds tone (Fm lithofacies) was also reported in places, and sometimes contained
desiccation cracks (Diessel et al., 1967; Clark, 1992). The preserved thickness of this
unit reaches up to 11.60 m in the Iluka 60 bore hole where it appears at depths between
474.03 m and 485.62 m, and its thickness in the eastern part of the Appin Colliery was
reported to be 27 m (Diessel et al., 1967). In the Iluka 60 bore hole this unit is highly
carbonaceous in some parts, and interbeds of fine-grained sandstone have produced a
flaser to lenticular bedding.

Interpretation: symmetrical ripple marks in these deposits indicate formation by
oscillatory currents probably generated by wind action on the surface of a shallow body
of water. Reptilian footprints were reported by Harper (1915) and Clark (1992) in the
strata about one metre above the Bulli seam, which support the idea that a shallow
lacustrine environment covered most of the area and prevented further peat
accumulation. The presence of desiccation cracks and palaeosols in the lower part of
the unit indicate periods of subaerial exposure but, the thick uninterrupted sequence of
laminated mudstone and fine-grained sandstone in the inland area indicates that almost
continuous floodplain sedimentation occurred in this area. The presence of dark grey
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highly carbonaceous beds in these deposits in the Iluka 60 bore hole indicate deposition
of organic-rich materials under reducing conditions, probably in a flood basin or
lagoonal environment.

6.2.l.2b

DISCUSSION

A shallow lacustrine to flood basin (in places lagoonal) environment is indicated for the
lower fine-grained unit.

Diessel et al. (1967) had suggested a lacustrine or possibly

estuarine environment for these deposits.

Sedimentary structures indicative of an

estuarine environment, such as herringbone cross-bedding or mud draped foresets, have
not been reported in the sandstone units of these strata. However, in the Iluka 60 bore
hole poorly developed flaser and lenticular bedding are present which are interpreted to
have been produced in a lacustrine environment. The low content of boron shows that
these strata were deposited in a fresh water environment (see Table 8.7). Studies on
siderite bands and nodules of the overlying mixed-load fluvial deposit A has revealed
that these latter strata were deposited in a fresh water environment as well (see section
8.3.2.1).

Therefore, it is postulated that the laminated mudstone and fine-grained

sandstone strata are most likely to have been deposited in a lacustrine environment.
Palaeosol profiles that are recognised in the middle fine-grained unit are not present in
the upper part of the lower fine-grained unit, supporting continuous sedimentation for
these strata.

Occurrence of lacustrine deposits with coal seams has been reported by

numerous authors (e.g. Fielding, 1984; Nurkowski & Rahmani, 1984; Besly & Collinson,
1991; Breyer, 1992).

6.2.1.3

MIDDLE FINE-GRAINED UNIT

The middle fine-grained unit gradationally overlies the mixed-load fluvial deposit A.
It is a sequence of interbedded gray shale and mudstone, ironstone band, fine-grained
sandstone and palaeosol horizons which forms the major constituent of the fine-grained
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deposits in the Wombarra depositional system. Its preserved thickness in the coastal
area reaches up to 22.5 m (Figure 6.1) and in the Iluka 55 and 60 bore holes it is
17.80 m and 18.80 m thick respectively. Several palaeosol horizons are recognised in
the middle fine-grained unit. The best place to study this unit is the coastal outcrops
and gullies between Clifton and Coalcliff ~

6.2.1.3a

LITHOFACIES

The middle fine-grained unit is mostly composed of laminated and massive mudstone
with interbeds of fine-grained sandstone and ironstone bands particularly in the lower
part. The following lithofacies are recognised in this unit: planar cross-bedded sandstone
(Sp); ripple cross-laminated sandstone (Sr); plane bedded sandstone (Sh); massive
sandstone (Sm); parallel laminated mudstone and fine-grained sandstone (Fl); massive
mudstone (Fm); ironstone bands (Fib); and palaeosols (P). A summary of the lithofacies
in the middle fine-grained unit is given in Table 6.2.

Planar Cross-bedded and Ripple Cross-laminated Sandstone (Sp & Sr)
These lithofacies occur as layers of fine- to medium-grained sandstone ranging m
thickness between 10 cm and 40 cm.

Sandstone with Sp lithofacies often occur as

solitary units, while Sr lithofacies is present as superimposed asymmetrical current
ripples. The Sp and Sr lithofacies are mostly present in the lower part of the unit and
up-section their thickness and grain size decrease. These lithofacies are interpreted to
represent deposits from crevasse splays in the proximal floodplain environment.

Plane-bedded and Massive Sandstone (Sh & Sm)
Sandstone with Sh/Sm lithofacies, ranging in thickness from less than 10 cm to more
than 30 cm, occur through the unit. In a section measured north of Clifton a 3.3 m
thick fretted fine- to very coarse-grained sandstone and sandy conglomeratic unit occurs
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at the top of the middle fine-grained unit prior to being overlain by a massive mudstone
and then by the bed-load fluvial deposit A (Figure 6.1). It is light green to grey-green
in colour and does not show any distinctive sedimentary structure. This unit is crudely
horizontally stratified and roughly shows a fining upward sequence.

Interpretation: the individual layers of sandstone through the middle fine-grained
unit are interpreted to be pulses of coarser sediment introduced into the distal floodplain
during floods.

Lack of current induced sedimentary structures in the sandstone beds

indicate deposition from suspension, which is also supported by the abundance of mica.
I

The crudely horizontally stratified fretted sandstone to sandy conglomeratic layer in the
upper part of the unit (Figure 6.1) is interpreted to have resulted from an influx of
coarse-grained material into a stagnant body of water, probably a floodplain pond. Its
stratigraphic position may indicate that it is the first major incursion of the overlying
fluvial deposit into the floodplain in this area. It may represent an incomplete avulsion
caused by a large flooding event farther upstream. The massive mudstone layer above
this unit indicates that after the initial flooding event, the channel was diverted away
from this area so that only very fine-grained distal sediment reached this part of the
floodplain.

Parallel Laminated Mudstone and Fine-grained Sandstone (Fl)
The Fl lithofacies is one of the most abundant lithofacies in this unit.

It is well

developed through the unit particularly in the lower part where it is interbedded with
ripple cross-laminated sandstone, planar cross-bedded sandstone and ironstone bands. The
Fl lithofacies is grey in colour and forms units up to 2.5 m in thickness that may show
colour banding. Lamination is recorded by the changes in grain size or colour of the
laminae.

Interpretation: this lithofacies is interpreted to represent vertically accreted
deposits in the floodplain environment.

Laminated mudstone was deposited from
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suspension, and the presence of abundant mica in these strata support deposition by
very weak current action.

The interbedded Fl lithofacies with Sp and Sr lithofacies

represent proximal floodplain deposits. As mentioned earlier, the sandstone layers are
interpreted to be crevasse splay or levee deposits.

Toward the top of the section, in

places, the Fl lithofacies gradually changes into the Fm lithofacies indicating a more
distal floodplain environment.

Massive Mudstone (Fm)
The massive mudstone lithofacies is also an abundant lithofacies in the middle finegrained unit. It is normally grey to dark grey in colour and has a conchoidal fracture;
colour banding occurs in places.

The Fm lithofacies is present throughout the unit,

particularly in the middle and upper parts. In places it contains sandstone layers, but
they are thinner and finer grained compared to the sandstone layers present in the Fl
lithofacies.

Interpretation: the Fm lithofacies is interpreted to represent deposits in a distal
floodplain or flood basin environment where only fine-grained materials are deposited
from suspension. Presence of thin sandstone layers. indicates that during exceptionally
big floods, an influx of overbank detrital material could reach the distal parts of the
flood basin area and form beds of fine-grained sandstone. The dark grey colour of this
lithofacies may indicate the presence of organic matter and reducing conditions related
to vegetation and poor drainage.

Lack of desiccation cracks in the observed coastal

outcrops may imply that the sediments rarely dried out.

A similar lithofacies was

interpreted by Andrews et al. (1991) as remote floodplain deposits receiving periodic
distal crevasse splay deposits. Dickson (1972) and Hill et al. (1994) reported poorly
developed coal seams in the equivalent deposits in the central part of the Sydney Basin
which are not present in the southern part of the basin probably due to a higher
topographic situation in the latter area.

Colour banding in the thick Fm lithofacies
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indicate that these strata were not deposited by a single pulse of sediment in a single
flood.

Ironstone Bands (Fib)
Ironstone bands are particularly abundant in the lower part of the unit; their thickness
ranges from less than 1 cm to about 10 cm. The thickness and number of ironstone
bands decreases up-section.

Similar bands are present in the underlying mixed-load

fluvial deposit A as well. The ironstone bands are mostly composed of fine-grained
sandstone and siltstone with sideritic cement.
Interpretation: it is believed that the cement in this lithofacies was precipitated
as siderite and other carbonate minerals in a shallow water pond-like environment in
the floodplain area. Probably the siderite cementation occurred shortly after deposition
of the elastic beds. Johnson and Pierce (1990) reported a similar lithofacies, but thicker
(up to 1 m), in the Fort Union Formation, Wyoming, U.S.A., in a floodplain setting.
Gibson et al. (1994) also described ironstone bands and grains in the Lowmead and
Duaringa Basins, Australia, and based on isotope data concluded that the siderite was
precipitated in a fresh water environment.

The Fib lithofacies is fully discussed in

section 5.2.2.3 and is not repeated here.

Palaeosols (P)
A palaeosol is a soil formed on a landscape of the past that is no longer undergoing
pedogenic modification (Smith, 1990; Martini & Chesworth, 1992). Ancient soils buried
beneath younger materials (buried palaeosol) may be exposed by erosion and undergo
modification (exhumed palaeosol; Wright, 1992).
Palaeosols

provide

a useful

tool to

deduce

climate,

vegetation

cover,

geomorphology, sedimentation rate and river behaviour in the past. Several criteria can
be used to distinguish palaeosols from the enclosing rocks; these are: root traces, soil
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horizons, soil structures (Retallack, 1988) and upward loss of bedding.

As Wright

( 1992) discussed, to recognise palaeosols, a more process-based approach should be
applied using soil forming features attributed to pedogenic processes like eluviation,
gleying, etc.
Palaeosols are commonly preserved in ancient floodplain environments as the
slow sedimentation rate allows soil formation, whereas the vertical accretion of sediment
provides conditions for soil burial. In fact, soil formation and development is one of
the process-controlling characteristics of the interchannel deposits.

Wright (1992)

reported that pedogenic processes can proceed in the floodplain with 2 mm to 3 mm
rate of sedimentation per year.

Therefore, it can be postulated that most of the

floodplains have undergone some degree of pedogenic processes.
Several palaeosol horizons are recognised in the drill cores from Iluka 55 and 60
m the middle fine-grained unit of the W ombarra depositional system.

Presence of

palaeosols in floodplain deposits has been reported by numerous authors (e.g. Allen,
1974; Bown & Kraus, 1981, 1987; Bhattacharyya & Lorenz, 1983; Retallack, 1983a, b;
Kraus & Bown, 1986; Choi, 1986; Kraus, 1987; Besly & Fielding, 1989; Smith, 1990;
Vanstone, 1991; Mack, 1992; Platt & Keller, 1992; Kraus & Aslan, 1993). Bown and
Kraus ( 1987) documented numerous superimposed profiles of alluvial palaeosols in the
770 m thick deposits of the lower Eocene Willwood Formation in Wyoming. Since the
palaeosol horizons in the middle fine-grained unit are a useful tool for interpretation of
the overbank deposits, a brief description and interpretation is given below.
In the Duka 60 bore hole, palaeosols occur between depths of 458.60 m to
459 .50 m (i.e. top of the Coal Cliff Sandstone Member), 452.23 m to 452.89 m and
443.43 m to 444.36 m (see Appendix 3). Roughly, three horizons are distinguishable
in some of these palaeosol profiles: ( 1) a topmost horizon which is grey to reddish
grey, rich in organic matter and exhibits rare rootlets (horizon A or Ao); (2) a mottled
zone composed of purple, red and brown claystone and mudstone (horizon B), and (3)
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a C horizon, which consists of slightly weathered deposits. In the Iluka 55 bore hole,
a 1.4 m palaeosol occurs at depths between 431.61 m and 432.98 m (i.e. base

~f

the

middle fine-grained unit) which shows a dark grey and fretted layer at the top (horizon
A or Ao) overlying a light grey claystone layer with abundant slickensides surfaces
(horizon B). Slickensides are common in soils with a high content of smectite minerals
in the clay fraction which causes swelling and shrinking during wet and dry periods
(Gustavson, 1991; Buurman, 1993). Slickensides in palaeosol is usually related to the
loading pressure; it is one of the characteristics of the vertisol (Gray & Nickelsen,
I

1989; Gustavson, 1991; Driese & Foreman, 1992; Buurman, 1993).

Several similar

horizons are present in the Iluka 55 bore hole at depths; 407 .0-407 .20 m; 417 .5-419 .40
m; 420.6-421.6 m and 431.61-432.98 m (see Appendix 2).
Interpretation: presence of palaeosol horizons in these deposits indicates that the

strata were frequently exposed during their accumulation. In some cases, the exposed
area has been quite extensive, for example, a persistent palaeosol horizon occurs above
the Coal Cliff Sandstone in the Iluka 60 (458.60-459.50 m) and Iluka 55 (431.61432.98) bore holes. Presence of the palaeosol indicates that the area was distal from
active fluvial sedimentation. It also could be related to a lack of fluvial activity in this
area due to a climatic change in the catchment area or during a period of quiescent
tectonic activity in the hinterland. However, in some areas subaerial exposure has not
been long enough to allow formation of a mature soil profile. In other areas the upper
part of the palaeosol has been eroded by the succeeding sandbody (e.g. in the Iluka 55
bore hole at depth 417 .50) where the Otford Sandstone Member eroded the topmost
part of the palaeosol horizon and made it hard to evaluate the maturity of the palaeosol.
Superimposed immature palaeosol profiles indicate that the soil forming process was
arrested by rapid sedimentation of the next flood deposits. Essentially, soils that form
in aggradational floodplain areas are more likely to be buried than those on degrading
pediplains (Smith, 1990).
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In the section measured in the coastal outcrops between Clifton and Coalcliff,
palaeosol profiles are not developed, probably due to a lower topographic position
compared to the more westerly parts. This assumption is supported by the presence of
abundant grey to dark grey massive mudstone in this area which was deposited in a
flood basin.

This sequence is more complete and thicker than the sequence farther

west. As discussed in 6.2. l .3c ironstone and sideritic grains are abundant in the middle
fine-grained unit in the coastal area. Taylor (1992) and Browne and Kingston (1993)
noted sideritic grains formed by the pedogenetic processes. The sideritic grains in the
middle fine-grained unit could have been brought into the sedimentary environment by
reworking of the palaeosols that were present in topographically higher positions toward
the west.
Floodplains are not uniform sedimentary environments, therefore, palaeosols formed
in the floodplains are heterogenous due to differences in topography, accretion rates and
vegetation (Kraus, 1987).

The potential for palaeosol formation and burial in any

floodplain environment ultimately depends on two factors; the time intervals between
flood events and the net sediment accumulation after each flood (Smith, 1990). If the
flood sediment accumulation increment is small and periodicity of flooding is low, the
new sediments will be incorporated into the forming soil. As a result, a mature soil
profile will develop.

When the periodicity of inundation is high and sediment

accumulation in each flood event is high as well, potential for formation of a mature
soil is very low (Leeder, 197 5) and buried immature soils will form.

Preserved

palaeosol profiles in the shaly units of the Wombarra depositional system probably
belong to the latter category.

6.2.1.3b

MICROFOSSIL STUDIES

Diessel et al. (1967) and Herbert (1980a) proposed a probable estuarine environment
for the lower fine-grained unit of the Wombarra depositional system.

Scheibnerova
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( 1980, table 22.1) reported the presence of foraminifera in the Wombarra Shale,
however, she did not mention in which part of this succession or in which locality
these foraminifera were found.

In the northern part of the basin, the presence of

acritarchs was reported by Grebe ( 1970) in the Dooralong Shale (equivalent to the
Wombarra Shale). These studies suggest a brackish paralic or marine environment for
the W ombarra strata.
An attempt was made here to investigate the presence of microfossils in the

coastal outcrops of the floodplain and lacustrine deposit A. In this study, 11 samples
from different stratigraphic levels were collected to be examined for microfossils.
All the samples were disaggregated by using H20 2• The disaggregated samples
were passed through 106µ and 63µ sieves and the 63-106µ fraction was studied under
a stereomicroscope. Some of the materials above the 106µ sieve (>106µ) and under the
sieve 63µ (<63µ) were also studied. Five thin sections were made out of samples not
treated by H20 2 to check if microfossils were lost during the process of disaggregation.
Microfossils were not found in either the stereomicroscopic or petrographic studies.
Thin sections from sandstone samples of the Coal Cliff Sandstone and Otford Sandstone
Member that were prepared for petrographic studies also failed to show any microfossils.
Herbert (1993, personal communication) believed that the microfossils reported by
Scheibnerova ( 1980) do not belong to the W ombarra Shale, and suggested that the
samples were mistakenly considered to be Wombarra Shale.

6.2.1.3c

SIDERITIC GRAINS

As mentioned earlier, ironstone bands mostly composed of siderite are present in the
lower part of this unit but these bands are absent in the thick mudstone beds in middle
and upper parts.

One of the characteristics of the disaggregated samples from these

parts of the unit is that they contain abundant (sometimes up to 30% of sample) brown,
dark brown, purple and red grains with variable shapes and sizes.

The grains and
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concretions are mostly silt-sized but sand-sized grains are also present. Most grains are
composed of rounded single grains or grain aggregates. In thin section the grains are
usually structureless, but some of the them show concentric structures with a nucleus
of detrital material.
These concretions were suspected to be sideritic grams, since when they were
treated with the HCl, the colour started to fade and the grains were dissolved in the
acid indicating carbonate composition. In thin section, these grains show siderite and
carbonate birefringence.
composed of siderite.

XRD analysis also revealed that these grains are mostly
The presence of sideritic grains in freshwater fine-grained

I

deposits has been reported by numerous authors (e.g. Kelts & Hsu, 1975; Matsumuto
& lijima, 1981; Postma, 1982; Curtis et al., 1986; Curtis & Coleman, 1986; Jakobsen,

1988; Mosley, 1988; Boardman, 1989; Moore et al., 1992; Gibson et al., 1994).
Sideritic grains and concretions form in different ways. Postma ( 1982) reported
that loose aggregates and concretions of siderite were chemically precipitated from the
pore waters in modem freshwater swamps. Sideritic concretions are interpreted to form
early in the host sediment's burial history from bacterially generated C0 2 and cations
derived from sediments and porewaters (Moore et al., 1992).

Boardman ( 1989)

concluded that ironstone bands in the mudstone above coal measures were originally
deposited in colloidal form in a lacustrine environment and their formation is similar to
the modem bog iron ores.

Gibson et al. ( 1994) discussed ironstone bands and

sphaerosiderite in oil shales and concluded that different types of ironstone were formed
by synsedimentary iron enrichment processes. Studies of the stable isotopes of oxygen
in ironstone indicated that varying evaporative conditions affected the lacustrine
environment (Gibson et al., 1994).
Spherulitic and nodular siderite are also reported in pedogenetic intervals (e.g.
Fritz et al., 1971; Besly & Fielding, 1989; Browne & Kingstone, 1993).

Retallack

(1988) believed that siderite nodules are characteristic of waterlogged soils.

Taylor
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(1992) reported two different types of non-marine oolitic ironstone and concluded that
pisoids and ooids (mostly berthierine) were derived from the reworking of a nearby soil
horizon. Matsumuto and Iijima (1981) suggested that lateritic soils were a major source
of iron for low Ca-Mg freshwater siderite. Curtis et al. ( 1986) considered soil profiles
as a source of Fe3+ in siderite concretions. It is also reported that some of the oolitic
ironstone in the marine environment originally formed as lateritic soil which was then
transported to the marine basins (Siehl & Thein, 1989; Madon, 1991; Taylor, 1992).
The significance of the siderite grains in this unit is discussed further in Chapter 8.

6.2.1.4

UPPER FINE-GRAINED UNIT

The upper fine-grained unit gradationally overlies the bed-load fluvial deposit A (Otford
Sandstone Member) and is overlain by the bed-load fluvial deposit B (Scarborough
Sandstone) with a basin-wide erosional surface (Figure 6.4). Its thickness in the road
cuttings south of Coalcliff is about 7 .5 m (Figure 6.1 ); it becomes thinner toward the
north and is less than 3 m thick south of Bulgo where it is exposed by the Metropolitan
Fault (Figure 3.39). In the Iluka 55 and 60 bore holes it is 8.85 m and 2.92 m thick
respectively, it appears at depths between 402.64 m and 411.49 m in the Iluka 55 bore
hole and at depths between 433.07 m and 435.99 m in the Iluka 60 bore hole. Changes
in the thickness of this unit could be either related to the erosion of the upper parts by
the overlying channels or to different original thickness. Limited outcrops of this unit
can be examined at road cuttings between Clifton and Coalcliff and in the coastal
outcrops north of Coalcliff.

The upper fine-grained unit is also exposed by the

Metropolitan Fault south of Bulgo.

6.2.1.4a

LITHOFACIES

Outcrops of the upper fine-grained unit are limited and in a poor condition to provide
much sedimentological information. This unit is mostly composed of parallel laminated
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and massive mudstone with interbeds of sandstone in the lower and upper parts (Figure
6.4c ).

Five lithofacies are recognised in this unit which are discussed below: ripple

cross-laminated sandstone (Sr); plane-bedded sandstone (Sh); massive sandstone (Sm);
laminated mudstone and fine-grained sandstone (Fl); and massive mudstone (Fm).
Palaeosol profiles (P) are not developed in this unit.

However, in the Iluka 55 bore

hole a 20 cm thick mottled red claystone at a depth of 407 .0 m is suspected to
represent a poorly developed palaeosol horizon.

The upper fine-grained unit in the

Iluka 60 bore hole is faulted and does not show any sign of palaeosol. A summary of
the lithofacies is given in Table 6.3.

Ripple Cross-laminated Sandstone (Sr)
This lithofacies is very rare in this unit; in places (e.g. outcrops south of Coalcliff)
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occurs in the lower part of the unit as thin layers of ripple cross-laminated sandstone.
The ripples are non-climbing with asymmetric foresets. This lithofacies has not been
observed in the studied bore holes. The Sr lithofacies represents limited pulses of finegrained sandstone into the floodplain area where they were deposited as current ripples
during waning flood stage.

Plane Bedded and Massive Sandstone (Sh & Sm)
In the outcrops south of Coalcliff a sandstone layer with variable thickness is present
in the uppermost part of the upper fine-grained unit, but in places, a massive mudstone
bed lies between this sandstone layer and the overlying bed-load fluvial deposit B
(Figure 6.4d).

The sandstone shows a sharp contact with the unit below where it

overlies a set of parallel bedded fine-grained sandstone and siltstone with poorly
developed sideritic bands (Figure 6.4b ). This sandstone roughly shows a fining upward
sequence and arbitrarily can be divided into massive and horizontally bedded sandstone
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layers.

The sandstone unit with Sm and Sh lithofacies 1s not present in the studied

bore holes.

Interpretation: this unit represents pulses of coarse-grained sediment into the
floodplain setting.

Current induced structures have not been observed in the studied

outcrops, however a lack of mica in these deposits may indicate that they have been
deposited as prograding units instead of vertically accreted deposits. The mudstone bed
above this unit indicates vertically accreted deposits in a quiescent period after the first
influx of sediments into the floodplain area.

Laminate Mudstone and Fine-grained Sandstone (Fl) and Massive Mudstone (Fm)
These two lithofacies constitute the major part (up to 70%) of the upper fine-grained
unit. The Fl lithofacies is mostly present in the lower part of the unit, while the Fm
lithofacies mostly appears in the middle and upper parts of the unit.

These two

lithofacies were deposited from suspension in the floodplain areas. The Fl lithofacies
represent a more proximal floodplain deposits where fine sand could still reach into the
floodplain area during floods, while the Fm lithofacies indicates distal floodplains or
flood basins where only silt and clay could reach this environment in suspension.

6.2.l.4b

DISCUSSION

The upper fine-grained unit is interpreted to represent floodplain deposits of the Otford
Sandstone Member and its equivalent coarse-grained units.

This unit is mostly

composed of massive mudstone (Fm) which indicates a distal floodplain environment.
However, the parallel laminated mudstone and ripple cross-laminated sandstone in the
lower part represent a proximal floodplain deposit.

The massive and plane-bedded

sandstone in the upper part of the unit is interpreted to represent influx of coarsegrained sediments into the floodplain area (proximal floodplain environment). However,
I

the sandstone unit is overlain by a vertically accreted massive mudstone which suggest
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that the river supplying the floodplain was gradually migrating away from the study
area.

6.2.2 FLOODPLAIN DEPOSIT B

The floodplain deposit B constitutes extra-channel deposits of the Scarborough
depositional system as proposed in this study.

It correlates with the Stanwell Park

Claystone of Hanlon et al. (1953) and floodplain facies of the Scarborough fluvial
system of Reynolds (1988). The unit is poorly exposed in the field and, except at a
few localities, it is hard to examine. It forms a marker horizon in bore holes and, in
the past, it was called "lower chocolate shales" in contrast to the "upper chocolate
shales" or Bald Hill Claystone.

Probably the best place to study this unit is the

outcrops south of Coalcliff where it is 38.2 m thick (Figures 6.5 & 6.6). Another more
complete section was studied immediately below the Stanwell Park Lookout where the
thickness of the floodplain deposit B reaches up to 50.5 m (Figures 6.7 & 6.11). In
the latter locality it forms steeply sloping outcrops that make it very hard to study, but
it provides the most complete section of this unit in the coastal strip and contains useful
geological information.

The floodplain deposit B -also crops out north and south of

Bulgo where it is mostly covered by vegetation and form mainly inaccessible exposures.
The upper part of this unit also can be examined at coastal outcrops immediately north
of Werrong Beach.

6.2.2.1

BOUNDARIES

The floodplain deposit B normally has a gradational contact with the underlying bedload fluvial deposit B (Scarborough Sandstone; Figure 6.7). In the outcrops north of
Stanwell Park and south of Bulgo, the fluvial sandstone is terminated with interbeds of
mudstone and fine-grained sandstone that reach up to 8 m in thickness. The amount,
thickness and grain size of the sandstone layers decrease up-section until it forms a
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thick mudstone with a few sandstone interbeds. However, in places, namely south of
Coalcliff, this contact seems to be sharp (Figures 6.5 & 6.6). Hanlon et al. (1953) and
Ward (1971a) reported "7 feet speckled arenite" between the Scarborough Sandstone
and the Stanwell Park Claystone which Hanlon et al. (1953) included in the Stanwell
Park Claystone. However, in this study the sandstone units are considered to be part
of the bed-load fluvial deposit B, and the boundary between the two units is considered
to be where the first claystone layer or interbeds of mudstone and fine-grained sandstone
appear. The upper boundary of the unit is a distinctive erosional contact in the outcrops
south of Coalcliff, north of Stanwell Park and north of Werrong (Figure 6.8).

6.2.2.2

LITHOFACIES

Outcrops of the floodplain deposit B are m a very poor condition and contain little
preserved sedimentary information.

This unit is mostly composed of green-grey,

reddish-brown and purple claystone, mudstone and mainly fretted sandstone with variable
thickness. The coarse-grained layers normally do not show any sedimentary structure
due to the nature of the deposits and the intensive weathering. However, six lithofacies
are recognised in this unit: massive conglomerate (Gm); massive and plane-bedded
sandstone (Sm & Sh); parallel laminated mudstone (Fl); massive mudstone (Fm); and
palaeosol (P). A summary of the lithofacies is given in Table 6.4.

Conglomerate (Gm)
Conglomerate constitutes a minor part of the floodplain deposit B, however, it occurs
as dark grey-green and sometimes yellowish layers of matrix supported granule
conglomerate. It is mostly present at the base of the thicker sandstone units ranging in
thickness from about 5 cm to about 40 cm.

The conglomeratic units also occur as

individual layers between 5 cm to 10 cm in thickness within the sandstone units. It
does not show any sedimentary structure and seems to be massive.
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The conglomeratic units are interpreted to be produced by strong currents. Their
association with the thick sandstone units indicate that they form lag deposits in the
local subordinate channels, probably large crevasse channels.

Massive and Plane-bedded Sandstone (Sm & Sh)
Most of the sandstone units in the floodplain deposit B are massive (Sm lithofacies) or
plane-bedded (Sh lithofacies).

The sandstone is mainly volcano-lithic and very

susceptible to weathering; they are fretted and easily break up into the small fragments
on exposure. They were called "greywacke" by Hanlon et al. (1953). In places, the
lower parts of the sandstone units contain reworked intraclasts of the underlying units
(Figure 6.9). Some of the units show an indistinctive cross-bedding or plane-bedding
but most of the sandstone units do not show any distinctive sedimentary features. The
sandstone units normally have an erosional lower contact and a gradational upper contact
and roughly show a fining upward sequence. Thickness of these layers changes from
less than 10 cm to about 1.8 m and exceptionally up to about 4 m at the observed
outcrops. In the outcrops north of Stanwell Park superimposed fining upward sandstone
units are recorded (Figure 6.11). Onion-skin (spheroidal) weathering is common in these
deposits.

Interpretation: thick sandstone strata with conglomeratic units at the base and a
fining upward trend are interpreted to represent subordinate channels, probably crevasse
channels in the floodplain area. Their erosional lower boundary and the presence of
reworked materials at the base of the coarse-grained units support this idea.
Superimposed and thick solitary sandstone units in the outcrops north of Stanwell Park
indicate that these sandstone units were deposited in a proximal floodplain environment
where repeated crevasse splays were spread out in the floodplain area. Superimposed
units indicate that several pulses of coarse-grained materials entered the floodplain at
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different times, however, these incursions did not end up in a complete avulsion of the
nver.

Ripple Cross-laminated Sandstone (Sr)
Ripple cross-laminated sandstone (Sr lithofacies) is rarely present in the floodplain
deposit B. This lithofacies has been observed in the outcrops north of Stanwell Park
where it occurs as interbeds of fine- to medium-grained sandstone and mudstone in the
lower part of the unit.

Ripple cross-laminated sandstone forms beds ranging in

thickness from less than 10 cm to about 30 cm.

These layers are mostly laterally

extensive but lenticular units are also present. The ripple cross-laminated sandstone at
the boundary of the in-channel and floodplain deposits was discussed in sections
3.2.1.2b; they are interpreted to represent crevasse and sheetflood deposits in a proximal
floodplain environment.

Parallel laminated Mudstone (Fl)
The parallel laminated mudstone is one of the most abundant lithofacies in the
floodplain deposit B. This lithofacies mostly occurs in the lower part of the unit or
above the main sandstone interbeds. A thick sequence of parallel laminated mudstone
interbedded with fine-grained sandstone developed in the lower part of the floodplain
deposit B in the outcrops north of Stanwell Park (Figure 6.7). In this locality, parallel
laminated mudstone beds range in thickness between 5 cm to about 25 cm, but thicker
units are present up-section.

Interpretation: the Fl lithofacies interbedded with ripple cross-laminated and
plane-bedded sandstone is interpreted to have been deposited in the proximal parts of
the floodplain environment. Each sandstone unit and its associated laminated mudstone
represents a single flood deposit. The sandstone units were deposited in the early stage
of flood when stronger currents were involved and symmetrical current ripples or upper
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flow regime plane-bedded sandstones were formed in a very shallow water environment.
During later stages, parallel laminated mudstone was deposited above the sandstone units
from suspension.

The thick parallel laminated mudstone beds may represent a more

distal floodplain environment, however, colour banding and possibly drying, oxidation
and development of proto-soils in these strata indicate that they have been deposited
during several flooding events.

Massive Mudstone (Fm)
The massive mudstone and claystone (Fm) occur as beds up to 3 m in thickness.
Massive claystone sometimes shows horizontal colour banding, and is normally indurated
and shows conchoidal fracture. In the lower part of the sequence they are green-grey
in colour but, toward the top, they become reddish-brown and purple in some parts.
Interpretation: the massive mudstone is interpreted to represent a distal floodplain
area where only fine-grained materials could reach.

Colour banding in these strata

indicate that materials periodically reached the flood basin environment and probably
each band represents a single flood event.

A part of the colour banding could be

secondary in origin, possibly related to oxidation and presence of poorly developed
soils.

Lack of dark grey carbonaceous mudstone in these strata and the presence of

redbeds and purple sediments indicate a well drained floodplain environment. This is
supported by the lack of plant fossils in the observed outcrops indicating that a plant
community was not preserved due to the oxidising conditions.

Palaeosol (P)
Well developed palaeosol horizons have not been recognised in the observed outcrops
of the floodplain deposit B, however in the Iluka 55 bore hole, a 1.51 m thick lightgrey to greenish-grey claystone is present at the base of this sequence. It appears at
depths between 359.23 m and 360.74 m and contains sparse rootlets.

This unit is
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interpreted to represent a palaeosol horizon. The floodplain deposit B is faulted and is
very thin (4.64 m thick) in the Iluka 60 bore hole and does not show any palaeosol
horizon.

6.2.2.3

DISCUSSION

The floodplain deposit B starts with relatively thick interbeds of laminated mudstone
and fine-grained sandstone which indicates proximal floodplain deposits. The presence
of this unit shows that the river supplying the floodplain was gradually shifting away
from the study area.

However, during large floods, thick beds of crevasse splay

deposits developed in the proximal floodplain area.

The interbeds of sandstone and

mudstone is followed by a thick massive mudstone indicating more distal floodplain
setting. Lack of dark grey mudstone in the floodplain deposit B indicates that poorly
drained backswamp environment was not developed.

On the other hand, light red to

purple colour of the mudstone particularly in the upper part of the floodplain deposit
B indicates a well drained floodplain environment.

Colour banding in this deposit is

interpreted to be related to the oxidation and development of the proto-soil profiles.
However, grey green deposits are relatively abundant in the floodplain deposit B and
are postulated to be related to the decomposition of the volcanic materials in these
deposits. Several thick massive to plane-bedded sandstone units in the middle and upper
part of the unit are interpreted as crevasse channel and splay deposits. The presence
of these sandstone units indicates that several river incursions occurred into the
floodplain area.

6.2.3 FLOODPLAIN DEPOSIT C
The floodplain deposit C forms the uppermost fine-grained fluvial strata in the studied
succession; it principally shows extra-channel deposits of the mixed-load fluvial deposit
B (upper part of the Bulgo depositional complex) and its equivalent streams.

It
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correlates with the Bald Hill Claystone of Hanlon et al. (1953) and the Bald Hill
depositional complex of Reynolds ( 1988). Different parts of the floodplain deposit C
are exposed in road cuttings between Bald Hill and Otford and a more complete
sequence of these strata is well exposed in Garie North Headland where its lateral and
vertical changes can be examined in more detail (Figure 6.lOb).
The floodplain deposit C is composed principally of dark red-brown claystone and
intervals of dark red-brown fretted sandstone and granule conglomerate. Its distinctive
colour, lithology and extension made it suitable to be used as a marker horizon in the
southern and central parts of the Sydriey Basin where it is wide spread. In the past,
it was called the "Upper Chocolate Shale" and "Upper Red Beds".

6.2.3.1

BOUNDARIES

In the outcrops north of Garie Beach, the floodplain deposit C has a gradational contact
with the underlying mixed-load fluvial deposit B (Figure 5.29).

In this locality, the

upper part of the mixed-load fluvial deposit B constitutes interbeds of fine- to mediumgrained sandstone intercalated with laminated red-brown shale and sandstone. The redbrown shale is different from the overlying floodplain deposit C claystone, as shale
beds in the transitional strata are well laminated and normally are mixed with siltstone
and sandstone, while the overlying floodplain deposit C is mostly composed of massive
indurated claystone with a conchoidal fracture. However, toward the top, the amount
of red-brown fine-grained deposits increases and the number of sandstone layers
decreases until sandstone layers disappear from these deposits (Figure 6.12). The lower
boundary of the floodplain deposit C is considered to be where massive reddish brown
claystone appear.
The upper boundary of the floodplain deposit C is sharp with the overlying light
grey Garie Formation. In the observed outcrops in Garie North Headland a persistent
palaeosol horizon is present at the top of the floodplain deposit C prior to being
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overlain by the Garie Formation. As was noticed by Ward (1971a) thinner beds similar
to the Garie Claystone Member are present in the overlying Newport Formation as
well.

However, in this study, the first appearance of the light grey massive and

indurated claystone (normally above a palaeosol horizon) is considered to be the upper
boundary of the floodplain deposit C that marks end of the Narrabeen depositional
sequence and base of the overlying Hawkesbury depositional sequence.

6.2.3.2

LITHOFACIES

The floodplain deposit C, at a first glance, seems to be a massive, homogeneous redbrown claystone.

However, · close inspection reveals that the unit contains beds with

different lithofacies including: sandy conglomerate (Gm); fretted sandstone (Sm & Sh);
light grey claystone (Fm), dark grey laminated shale (Fl) and palaeosol (P). Lithofacies
of the floodplain deposit C are described in the following section. A summary of the
recorded lithofacies is given in Table 6.5.

Conglomerate and Breccia (Gm)

In places in the floodplain deposit C, coarse-grained units up to 3 m thick are present,
some of which show a fining upward trend (Figure 6.13c ).

These units have an

erosional lower boundary and in places a channel-like geometry is visible.

Sandy

conglomerate units with variable thickness may be present in the lower part of the
sandstone units and sometimes show a indistinctive low angle cross-bedding (Figure
6.14). The coarse-grained units are mostly composed of reworked materials from the
underlying fine-grained deposits. These deposits are poorly cemented and form fretted
and fragile units that easily break up into small fragments on the exposures.
Hanlon et al. (1953, p. 114) formally introduced the Bald Hill Claystone as a
formation and reported 6 feet of grey and cream brecciated claystone at the top of this
unit. The brecciated claystone layers occur throughout the floodplain deposit C. They

148
have a slightly erosional surface with the underlying strata (Figure 6.15) and roughly
may show a fining upward sequence.

It is mostly composed of reworked materials

from the adjacent strata including reddish-brown claystone of the floodplain deposit C
and grey to light-grey claystone of the underlying palaeosol horizons (Figures 6.15 &
6.16). This unit is poorly sorted and grains are angular to subangular ranging in size
from less than a millimetre to more than 4 cm (Figure 6.16).
Interpretation: presence of coarse-grained units in the floodplain deposit C
indicates that strong currents were involved during deposition. The thick coarse-grained
units are interpreted to be localised small channel deposits. This is supported by the
erosional lower surface, channel-like geometry and fining upward trend of these units.
Presence of mostly reworked materials in the observed outcrops indicates that external
input of detritus to the sedimentary environment has been almost negligible and the
sandstone units were formed by the reworking of the adjacent deposits. However, well
rounded grains in this deposit indicates that they have been transported for a short
distance.
The brecciated claystone is interpreted to be produced by strong currents as well,
as it has an erosional lower contact with the underlying strata and contains large
fragments of elastic material (Figures 6.15 & 6.16).

Angular grains and the poorly

sorted nature of this unit indicate that the grains are locally derived and did not have
long transportation. However, well rounded grains are also present and often show a
smaller grain size; it is deduced that these grains had longer transportation and their
smaller size is partly due to abrasion during transportation (Figure 6.16). They have
been mixed with the locally derived angular to subangular grains and produced a poorly
sorted rock.
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Sandstone (Sm & Sh)

As mentioned earlier, numerous beds of sandstone are present in the floodplain deposit
C (Figures 6.12, 6.13 & 6.14). These units reach up to about 3 m in thickness and
normally present a fining upward sequence. The sandstone is fretted and friable and
rests on the underlying units with an erosional surface.

Intensive weathering has

obliterated most sedimentary structures in these units, if originally present, but indistinct
horizontal bedding, trough and planar cross-bedding are recognisable in places (Figure
6.14). Horizontal bedding is rather common, though sandstone beds are mostly massive
I

and show spheroidal (onion-skin) weathering. Grain size of the sandstone ranges from
medium-to very coarse-grained and the grains are mostly composed of reworked material
from the adjacent strata.
Interpretation: the thick sandstone units are interpreted to be locally derived

subordinate channel deposits, probably crevasse channels. As discussed in chapter 9,
it is deduced that the floodplain deposit C was deposited in a very gentle sloping
floodplain area. In this kind of floodplain environment anastomosed rivers may develop.
Presence of plant materials in individual beds and as plant fragments through the unit
indicate that stabilised vegetated banks could have been developed. All of this evidence
supports the idea that the channel sandstone may represent anastomosed river deposits.
Lateral channel migration and point bar accretion are not present in anastomosed river
deposits; instead they are vertically accreted as the river basin subsidised or downstream
base level rose (Smith & Smith, 1980; Miall, 1982).

Parallel Laminated Mudstone and Shale (Fl)

Although the floodplain deposit C is mostly composed of massive red-brown claystone,
in places through the unit beds of laminated grey to dark grey shale are present (Figure
6.17b). The latter contains some plant fossils and they resemble the overlying lagoonal
deposits of the Newport Formation (see Chapter 7; Figures 6.17b & 6.18b).

The
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parallel laminated mudstone and shale units are normally lensoidal in shape and their
maximum preserved thickness in the observed outcrops may reach up to 1.3 m. These
units are laterally extensive for tens of metres and are usually erosionally overlain by
a coarser-grained unit (Figures 6.17 & 6.18).

Interpretation: these units are interpreted to represent poorly drained flood basin
or backswamp environments in the low lying areas of a floodplain.

Abundant plant

fossils in some of the observed units indicate that plant communities were present at
the time of deposition. The sediment was carried into these basins by floodwaters and
I

accumulated slowly from suspension. Centimetre or so scale lamination in this deposit
probably indicates individual flood events.

Most of these shale units are covered by

sandstone units, with an erosional lower boundary, that covered the area and prevented
further accumulation of shale.

Possibly part of these deposits was eroded by the

The grey to dark grey laminated mudstone of the floodplain deposit

overlying units.

C is similar to some beds of the overlying lagoonal deposits, however trace fossils
which are present in the overlying strata have not been found in these deposits in the
observed outcrops.

Claystone (Fm)
Reddish-brown claystone is the most abundant lithofacies in the floodplain deposit C.
These rocks are almost featureless and show conchoidal fracture and onion-skin
(spheroidal) weathering (Figure 6.19).

In places, colour banding is present (Figure

6.18a); band thickness ranges from less than 10 cm to more than 1 m. Colour mottling
is present in places as well, and some of these are related to the palaeosol forming
process which is discussed in the next section.
One of the characteristics of these rocks is the presence of cupriferous nodules
(Figure 6.20).

These are usually concentrically zoned and have shapes ranging from

disc-shape to completely irregular shapes and may reach up to 4 cm across.

The
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nodules are altered to green malachite and other minerals and are surrounded by white
clays tone.
Interpretation: these deposits were deposited in a well drained floodplain
environment.

Gibling and Bird ( 1994) reported red mudstone beds in the Late

Carboniferous strata of the Sydney Basin, Nova Scotia, Canada which was interpreted
as palaeosol horizons formed in a floodplain setting.

Colour banding indicate that

claystone were deposited by different sediment fluxes, probably each related to a main
flooding event. However, thick beds with different colour are unlikely to be deposited
in a single flood; they possibly represent secondary pigmentation due to soil forming
processes. Copper nodules accumulated in reduced spots where plant fragments were
present. The copper enrichment is a common features in floodplain deposits and has
been reported by many authors (e.g. Cant, 1982, figure 59).

Palaeosols (P)
A brief discussion about the palaeosols and their importance in the floodplain deposits
is given in section 6.2. l .3a.

Most of the floodplain deposit C is composed of

superimposed palaeosol horizons. In the correlative deposits north of Sydney, Retallack
(1975, 1977) reported up to eight vertically stacked palaeosol profiles in the Bald Hill
Claystone. In the outcrops north of Garie Beach, there is a distinctive sheet of white
fine-grained sandstone with subvertical small sand dykes in lower part of the floodplain
deposit C (Figure 6.21). This unit was also observed by Ward (197la, photo 64) but
he did not interpret it. The sand dykes are up to 55 cm long and sometimes bifurcate
downward and show a general narrowing trend in this direction (root cast?). A similar
horizon was reported by McDonnell (1974, figure 14) in the overlying Gosford (now
Terrigal) Formation north of Sydney.
Bunny and Herbert (1971) by using bore hole studies, recognised a palaeosol
horizon at of the top the Bald Hill Claystone (floodplain deposit C).

A similar
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palaeosol profile is found in outcrops north of Garie Beach at the top of the floodplain
deposit C prior to being overlain by the Garie Formation (Figures 6.22 & 6.23). Three
horizons are tentatively distinguishable in some of the palaeosol profiles: horizon A
constitutes a light red claystone layer and normally shows rootlets; horizon B is a light
grey layer with gradational contacts into the overlying and underlying horizons, and in
places contains rootlets; and horizon C represents a massive light red claystone with a
gradational contact into the overlying strata.

This lowest layer grades down to the

reddish-brown claystone of the floodplain deposit C (Figure 6.22a).

Rootlets in this
I

palaeosol profile are not clear, probably due to the intensive weathering (Figure 6.23)
and some of them are suspected to be palaeosol trace fossils as they did not continue
or change in size downward. One feature of this palaeosol profile is the presence of
some cylindrical casts filled by the overlying sediment (Figures 6.24). Flattened casts
are abundant with long diameters ranging from 4 cm to 6 cm and short diameters from
2 to 4 cm. These features probably show root casts.
The distinctive white sandstone in lower part of the floodplain deposit C (Figure
6.21) may represent a silcrete horizon. Similar beds were reported to be present in the
Gosford Formation (equivalent to the overlying Newport Formation) to the north of
Sydney which were interpreted as ganister or silcrete (McDonnell, 1974). Silcrete is
produced by the cementation of unconsolidated materials (i.g. soils) by secondary silica
and has an important association with palaeosurfaces; they are leached zones which
probably represent remnants of a palaeosol (Milnes & Thiry, 1992). The time span for
formation of a silcrete is normally more than that required for developing individual
soils, they need very stable geographic and geologic conditions to achieve the extent of
silicification (Milnes & Thiry, 1992). Presence of stacked palaeosols in the floodplain
deposit C indicates that the area was frequently exposed.
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CHAPTER SEVEN
LAGOONAL AND TUFFACEOUS DEPOSITS

7.1

INTRODUCTION

The uppermost deposits examined m this study include claystone, laminated shale,
mudstone and ripple cross-laminated sandstone. In this study, these deposits are termed
the Newport depositional system, which includes the Garie Formation and lagoonal
deposits of the Newport Formation. The lagoonal deposits differ from the rest of the
studied succession by having highly carbonaceous mudstone, locally abundant plant and
trace fossils, and laterally consistent beds.
These deposits correlate with the Gosford Formation of Hanlon et al. (1953) and
Hanlon (1956a, b) and the Gosford Subgroup of Bunny and Herbert (1971), which
includes both the Garie and Newport Formations.

Hanlon (1956a, b) introduced the

term Undola Sandstone Member for the basal part of the Hawkesbury Sandstone but
this member was included in the Newport Formation by Bunny and Herbert (1971).
However, in this study, the first appearance of the massive white quartzarenite
sandstone, including the Undola Sandstone Member, is considered to be part of the
overlying Hawkesbury depositional system.
The Garie Formation was examined by Baker (1956), Loughnan (1969, 1970),
Ward (1971a, b), Goldbery and Holland (1973) and Loughnan et al. (1974).

The

Newport Formation also was studied by Ward (1971a, 1972) and Bunny and Herbert
(1971) in the southern part of the Sydney Basin, and by Branagan et al. (1966),
Branagan (1969) and McDonnell (1974, 1980) in areas to the north of Sydney.
Deposits of the Newport depositional system are exposed in the road cuttings
thorough the Royal National Park and northwest of Wollongong and also at the outcrops
north of Garie Beach. The latter locality is the best place to study these deposits as it
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provides laterally extensive exposures containing well preserved sedimentary structures,
trace and plant fossils.

Thickness of the Newport depositional system in the Garie

North area is about 18.5 m (Figure 7.1; Figure 6.lOc); its thickness in the measured
sections in the road cuttings northwest of Wollongong is 7 m (Figure 7.2). Toward the
north its thickness increases and reaches up to about 40 m in Sutherland area (Dickson,
1972).
In the past, these strata were included in the Narrabeen Group (Hanlon et al.,
1953; Herbert, 1970; Bunny & Herbert, 1971; Bowman, 1972; Dickson, 1972).
However, Dickson (1972, p. 64) mentioned that these strata are transitional between the
Narrabeen Group and the overlying Hawkesbury Sandstone. Bunny and Herbert (1971,
figure 4) also argued about the stratigraphic position of the Newport Formation and
postulated that the upper part of the Gosford Subgroup (Newport Formation) is laterally
time equivalent to the Hawkesbury Sandstone.

In this study, based on genetic

relationships between the strata, the Newport depositional system is considered to form
the basal unit of the Hawkesbury depositional sequence. It disconformably overlies the
floodplain deposit C (Bald Hill Claystone) which forms the uppermost unit in the
Narrabeen depositional sequence.
Boundaries of this depositional system are discussed in the following section, its
lower boundary is sharp with the underlying floodplain deposit C and correlates with
the unconformity of Bunny and Herbert (1971) and Bowman (1974). Its upper boundary
with the overlying Hawkesbury Sandstone, in places, is sharp and erosional but
sometimes tongues of the overlying sandstone are spread out in these deposits and
resemble an interfingering contact (e.g. outcrops northwest of Wollongong).

7.2

GARIE FORMATION

Hanlon (1956a, p. 101) reported a 1.6 m thick indurated sideritic claystone at the base
of the Gosford Formation at the outcrops north of Garie Beach. The grey to cream
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clays tone was called the Garie Member by Loughnan ( 1969, 1970) and considered it to
be an upper part of the Bald Hill Claystone. Herbert (1970) and Bunny and Herbert
(1971) gave a formational status to this member and introduced the newly defined
Gosford Subgroup to include the Garie and Newport Formations.

In the southern

Sydney Basin, the Garie Formation correlates with the "pellet claystone" of Baker
(1956), "tonstein-like rock" of Loughnan (1963), "flint clay" of Loughnan (1970) and
Goldbery and Holland (1973), "clay arenites" and "Narrabeen cherts" of miners.
The Garie Formation forms the lower part of the Newport depositional system. It
is mostly composed of deeply altered· tuffaceous materials and accretionary lapilli (in
this study it was revealed that the Garie Formation is composed of tuffaceous materials
with accretionary lapilli, therefore, the term accretionary lapilli that is used in this study
is equal to the pellet, oolite and pisolite as was used in the past) and forms a marker
horizon in the southern Sydney Basin. In the past, it was regarded as a transitional bed
at the top of the Middle Narrabeen Group (Baker, 1956). Its thickness ranges from less
than 30 cm to about 2 m (Baker, 1956; Loughnan, 1970), but is reported to be more
than 10 m thick (Bunny & Herbert, 1971, figure 5) in an area near Sutherland.

Its

measured thickness in Garie North Headland and in road cuttings northwest of
Wollongong is between 1.4 m to 1.9 m. It is 31 cm thick in the Iluka 55 bore hole
where it is present at depths between 161.26 m and 161.57 m and 1.23 m thick in the
Iluka 66 bore hole where it appears at depths from 187.71 to 188.94 (see Appendices
2 & 3).
As mentioned earlier, the Garie Formation is considered to form the lowest part
of the Newport depositional system. Similar, but thinner, beds have been observed in
the overlying Newport Formation in outcrops northwest of Wollongong and north of
Garie Beach. Sometimes these layers are uniform and laterally extensive but, in places,
may be discontinuous and form pseudonodules.

The presence of these beds in the

Newport Formation supports the idea that the Garie Formation would be better included

156
in the overlying Newport Formation, not the Bald Hill Claystone as was considered by
Loughnan (1969, 1970). Moreover, this unit rests on a widely developed disconformity
surface at the top the floodplain deposit C (Bunny & Herbert, 1971; Bowman, 1974).

7.2.1 BOUNDARIES
In places (e.g. outcrops north of Garie Beach) at the top of the floodplain deposit C
(Bald Hill Claystone) there is a persistent palaeosol horizon (see 6.2.3 for discussion)
indicating subaerial exposure of these strata. Bunny and Herbert ( 1971) and Bowman
(1974) considered that an unconformity lay between the floodplain deposit C (Bald Hill
Claystone) and the overlying Garie Formation, however, the contact represents a
disconformity or hiatus but, at the present knowledge, the missing time span is not
defined.
The Garie Formation in the outcrops north of Garie Beach has a sharp lower
boundary with the topmost palaeosol horizon of the underlying floodplain deposit C
(Figure 7.3). This unit also exhibits a sharp contact with the underlying strata in the
road cuttings near Otford, but palaeosol horizons are not well developed in this locality.
The possibility that the palaeosols were eroded away by the overlying Garie Formation
is ruled out as this unit does not show a distinctive erosional lower surface.

It is,

however, possible that the palaeosols were reworked prior to the deposition of the Garie
Formation.
In this study, the lower boundary of the Garie Formation is considered to represent
a widespread hiatal surface in the southern Sydney Basin. This surface forms the lower
boundary of the Hawkesbury depositional sequence.

At the end of the Narrabeen

depositional sequence, elastic input into the basin was at its lowest level, mostly due to
the quiescent tectonic period and denudation of the source areas. As a result, only finegrained deposits of the floodplain deposit C were periodically deposited in most parts
of the basin. Well developed palaeosol horizons in the floodplain deposit C, particularly
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at the top of this unit, indicate that periods of subaerial exposure have been long enough
to allow mature soil formation.
The Garie Formation has a sharp upper contact with the laminated shales of the
overlying · lagoonal deposits though, in places (e.g. outcrops near Otford) the upper
contact is somewhat gradational.

The upper contact in the outcrops northwest of

Wollongong is sharp as well, and sometimes may show a slightly erosional surface
(Figure 7.4).

In this locality a thin distinctive layer of claystone with accumulated

accretionary lapilli occurs at the top of the Garie Formation (see next sections for
interpretation of this unit), prior to being overlain by the lagoonal deposits.

7.2.2 LITHOFACIES

The Garie Formation is principally composed of deeply altered tuffaceous material
which is now present as grey to cream kaolinitic claystone. Although this tuffaceous
rock is volumetrically a minor constituent of the studied succession, its presence and
lateral

distribution

within

the

sequence

is

an

important

feature

reflecting

penecontemporaneous volcanic activity in the New England Orogen and showing the
extent of depositional settings. The Garie Formation and the underlying coal seams are
good marker horizons in the southern Sydney Basin. Recorded lithofacies in this unit
are: massive tuff with sparse accretionary lapilli; accumulated accretionary lapilli; and
brecciated claystone. Well developed palaeosols have not been observed in the studied
outcrops, but a poorly developed palaeosol(?) in the Iluka 60 bore hole at a depth of
188.15 m to 188.74 m contains sporadic rootlet-like vertical rods.

Soil profiles also

were also reported by Bunny and Herbert (1971) in the Garie Formation in bore holes.
Petrology of this unit is discussed in section 8.3.2.3.
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Massive Tuff with Sparse Accretionary Lapilli
This lithofacies occurs as beds of dense indurated claystone that in places may show
indistinct bedding.

Fresh core samples are light grey to cream in colour, show

conchoidal fracture and are very hard, but weathered outcrop samples are mostly buff
in colour and relatively friable.

Massive claystone with sparse lapilli is the most

abundant lithofacies in this unit in the examined outcrops at Garie North Headland,
road cuttings northwest of Wollongong (Figure 7.4a) and near Otford, though in the
latter locality, the unit is highly weathered and difficult to examine. This lithofacies
contains a variable amount of randomly distributed accretionary lapilli within it. The
grains either do not show any internal structure (pellets) or show concentric banding
from density and colour variation (Baker, 1956; Loughnan, 1970).

The accretionary

lapilli range in size from less than 1 mm to about 1 cm. In thin section, the rock may
be composed of claystone with embedded accretionary lapilli (pellets) of similar
materials; most of the grains are spheroidal, but ellipsoidal grains are also present. The
latter grains were probably flattened by burial compaction. In places, accretionary lapilli
(pellets) may constitute up to 40% of the rock (Baker, 1956).
Interpretation: previous workers interpreted this unit in different ways; some as
a flint clay deposited in a shallow water environment or as detrital materials transported
and deposited by current action. The massive claystone was considered to be similar
to the underlying floodplain deposit C (Bald Hill Claystone) except having less hematite
(Baker, 1956; Loughnan, 1969, 1970; Conolly & Ferm, 1971; Ward, 1971a, b, 1972;
Bunny & Herbert, 1971; Goldbery & Holland, 1973; Loughnan et al., 1974). This unit
was considered to be flint clay (Loughnan, 1969, 1970; Goldbery & Holland, 1973;
Loughnan et al., 1974) due to its mineralogical similarity to examples in North America.
The pellets (lapilli) in this unit was proposed to be deposited by rolling of small clay
galls by running waters in a low pH lacustrine environment (Baker, 1956, p. 127); a
similar environment was proposed by Loughnan (1970, p. 827).

Bunny and Herbert
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(1971, p. 69) believed that the clay pellets had possibly been derived from "pilling" and
reworking of the underlying floodplain deposit C by wave action and were deposited
in an "extremely shallow aqueous environment (possibly marine or "near marine")".
Herbert (1980a, p. 46-49) mentioned that the Garie Formation shows initiation of a
transgression and was formed in an estuarine environment by the erosion of "microclifflines" which may have been present at the top of the Bald Hill Claystone.
Goldbery and Holland (1973, p. 1332) proposed that the unit was deposited by "fastflowing streams". Loughnan et al. (1974, p. 401) considered a fluviatile environment
"comprising a sluggish river system" for the equivalent unit in the Blue Mountains area.
The pelletoidal kaolinitic claystone was interpreted as possible "transgressive reworking
of the upper beds of the Bald Hill sequence" by Reynolds (1988).

Naing (1993)

proposed a shallow marine environment for this unit.
Here, a completely different interpretation and origin is given for the Garie
Formation.

At first glance, the relatively thin, uniform thickness and blanket type

nature of this unit over a vast geographic area may indicate that these strata could have
been deposited by a mechanism other than running water.

Some of the previous

workers (Loughnan, 1970; Goldbery & Holland, 1973) noticed that relict volcanic
textures are present in these deposits. Although the Garie Formation was interpreted as
a flint clay, there have been some difficulties when comparing it with the classic
examples of flint clay from North America (Loughnan, 1970; Goldbery & Holland,
1973). Goldbery and Holland (1974, p. 1332) realised the difficulty of interpreting this
unit when they said: "it is difficult to envisage an environment or flow regime which
can transport oolites up to 5 mm in diameter and at the same time precipitate colloidal
suspensions of clay in a standing body of water". However, they considered an overall
running water mechanism for formation of this unit. Similar units of the same lithology
have been reported in the underlying Illawarra Coal Measures and also in the Newcastle
Coal Measures (Diessel, 1985; Bamberry, 1991) and were interpreted as tuff beds.
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All of the above mentioned evidence may point out that an alternative mechanism
could be involved in deposition of the Garie Formation. To resolve this problem, this
unit was studied in detail in the outcrops north of Garie Beach, road cuttings near
Otford and northwest of Wollongong. It was found out that this unit, in some places,
exhibits clear evidence of ash falls and accretionary lapilli, and in fact the whole of the
Garie Formation represents a tuffaceous unit. The clay pellets of the previous workers
are interpreted to be accretionary lapilli encased in fine ash fallout. As was noticed by
Baker (1956), Loughnan (1970) and Loughnan et al. (1974) some of the pellets and
lapilli exhibit a 'concentric structure with or without a solid nucleus.

However, the

concentric structure is a common feature in accretionary lapilli (Moore & Peck, 1962;
Cas & Wright, 1987; Fisher & Schmincke, 1994). Some of the lapilli in the studied
unit do not show a nucleus and such lapilli probably originally formed by accretion of
fine ash around a water droplet as was discussed by Walker (1981) and Cas and Wright
(1987). Lapilli with a solid particle in the centre indicate concentric accretion of ash
around the solid nucleus (R-type of Schumacher & Schmincke, 1991). Walker (1981)
and Schumacher and Schmincke ( 1991) suggested that accretionary lapilli form during
rain flushing either of the plume from an eruption column or from an ash cloud
accompanying a pyroclastic flow.
In places, the massive claystone tends to have no accretionary lapilli which
indicates that only ash fall were deposited and accretionary lapilli were not involved.
Indistinct bedding in the massive tuffaceous unit is interpreted to be related to the
differences in ash size due to aeolian fractionation during transport.
Changes in thickness of this unit support an air fall origin as well, the unit is
1.8 m thick in Garie North Headland and 1.5 m thick in road cuttings northwest of
Wollongong. It was reported to be less than I m thick toward the west in the Blue
Mountain area (Goldbery & Holland, 1973; Loughnan et al., 1974). Bunny and Herbert
(1971 ) reported that this unit is more than 10 m thick toward the north near Sutherland.
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Variation in thickness could partly be related to post-depositional compaction or possibly
erosion of some parts after deposition.

However, changes in thickness of the Gade

Formation indicate that the source of ash was toward the east or northeast of the studied
area (New England Magmatic Belt).

The volcanoes responsible for these ashes are

considered to be felsic, as the ash fallout spread a considerable distance from the
volcanoes.

Accumulated Accretionary Lapilli

In the outcrops northwest of Wollongong a thin layer of accumulated accretionary lapilli
is present at the top of the Garie Formation (Figures 7.4b, 7 .5) beneath the overlying
lagoonal deposits. The size of the lapilli ranges from less than 1 mm to about 6 mm,
but most are between 2 mm and 4 mm. Lapilli sizes are larger in a similar layer in
outcrops north of Garie Beach where lapilli may reach up to 1 cm in diameter (Figure
7.6). A similar bed was reported by Loughnan et al. (1974) at the top of the massive
claystone of the Docker Head Claystone Member (equivalent to the Garie Formation)
in the Western Blue Mountains area. This layer grades downward to massive tuff with
sporadic accretionary lapilli.

In the Iluka 60 bore hole two tuffaceous units with

abundant accretionary lapilli appear at the base and top of the Garie Formation (at
depths from 188.74 m to 188.94 m and from 187.71 m to 188.06 m).

Bunny and

Herbert ( 1971) reported similar beds ranging in thickness from 15 cm to 30 cm in this
unit that show a fining upward trend.
Interpretation: the tuff with abundant accretionary lapilli (pelletal clays tone) bed

was interpreted to be formed by the transportation of clay pellets in a shallow water
environment (Baker, 1956; Loughnan, 1970; Goldbery & Holland, 1973; Loughnan et
al., 1974).

However, close inspection of this unit indicates that it formed by the

accumulation of accretionary lapilli.

Presence of this layer at the contact with the

overlying lagoonal deposits (Figures 7.4b, 7 .5) indicates that the fine-grained matrix
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material were winnowed from this tuffaceous unit in an aqueous environment and as a
result, the coarser lapilli were reworked and accumulated (sheet wash deposit; B.G.
Jones and P.F. Carr, personal communication). The proposed mechanism contrasts with
the previous studies. In the past, the grain size was used as a current power indicator
while, based on the interpretation presented in this study, it does not show current
competency but indicates that the weak currents had not been able to transport these
grains, i.e. only fine-grained materials were removed and the coarser grains accumulated
at the top of the massive tuffaceous bed.
Individual beds of lapilli claystone are interpreted to be deposited as ash falls. In
the later stage, the fine-grained materials were reworked and the tuffaceous unit with
abundant accretionary lapilli was formed by accumulation· of the accretionary lapilli.
Fisher and Schmincke (1994) reported that accretionary lapilli mostly occur as "pisolite"
encased in ash matrix but in places they may be abundant and form an individual layer.
A layer of accretionary lapilli could be present at the top of the "ground-hugging ash
cloud surges" (Fisher & Schmincke, 1994) which is unlikely to occur in the studied area
which was at a distance from the volcanoes. The pelletal claystone with fining upward
trend reported by Bunny and Herbert (1971), possibly represent accumulation of the
accretionary lapilli during early to later stages of an eruption. Such units have not been
observed in the studied outcrops.

Brecciated Claystone
Goldbery and Holland (1973) and Loughnan et al. (1974), reported brecciated claystone
in the equivalent unit (Docker Head Claystone Member) in the Blue Mountains area.
This lithofacies is not abundant in the Garie Formation however, it is locally present
and individual grains may contain pellets within them.

The presence of brecciated

claystone in this unit indicates partial reworking of these tuffaceous materials after
deposition, although this is difficult to assess due to the post-depositional alteration.
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7.3

LAGOONAL DEPOSITS

Lagoonal deposits constitute the mam part of the Newport depositional system.
Thickness of the deposits in the outcrops north of Garie North Head is about 17 m
(Figure 7 .1) and in the road cuttings northwest of Wollongong, it is 5 .5 m thick
(Figures 7.2 & 7.7). Toward the north, its thickness increases and reaches up to 37 m
near Sutherland (Dickson, 1972). Its thickness in the Iluka 55 and 60 bore holes is
26.15 m and 13.05 m respectively. In the Iluka 55 bore hole it appears at depths from
135.14 m to 161.26 m and in the Iluka 60 bore hole it is present at depths from
174.66 m to 187.71 m (see appendices 2 & 3). The lagoonal deposits correlate with
the Gosford Formation of Hanlon et al. (1953) and Hanlon (1956a, b). It also correlates
with the Newport Formation of Bunny and Herbert (1971, but excludes the Undola
Sandstone Member of Hanlon, 1956a, b, which was included in this formation by these
authors). North of Sydney these deposits correlate with the Terrigal Formation (formerly
Gosford Formation; McDonnell, 1974, 1980).

The lagoonal deposits are mostly

composed of well laminated shale, highly carbonaceous mudstone and beds of ripple
cross-laminated sandstone with locally abundant plant and trace fossils (Figure 7 .8).

7.3.1 BOUNDARIES
The dark grey laminated shale of the lagoonal deposits usually has a sharp contact with
the underlying Garie Formation however, in places this boundary is gradational (e.g.
outcrops in the road cuttings near Otford).

A slightly erosional lower boundary is

present in outcrops northwest of Wollongong where this unit rests on a thin layer of
pelletal claystone (Figure 7.4).
The upper boundary in the outcrops north of the Garie North Headland is sharp
and the overlying Hawkesbury Sandstone has an erosional contact with the lagoonal
strata. In the latter outcrops channels with abundant reworked materials of the lagoonal
deposits are present (Figure 7.9). In outcrops northwest of Wollongong, the erosional
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nature of the upper contact is also clear.

In this locality channel deposits of the

Hawkesbury Sandstone rest directly on the lagoonal deposits (Figure 7 .10) with a
distinctive erosional surface. Lateral variation in thickness of the lagoonal deposits in
this locality is due to this.

However, in adjacent areas, beds of white sandstone

originated from the overlying sandstone are present in the lagoonal deposits and indicate
precursors of the overlying channel deposits into the lagoonal environment (see section
7.3.2).
In the northern part of the basin, where the sequence is thicker, the upper
boundary is more commonly gradational (McDonnell, 1974).

In this area, several

sandstone units are present in the upper part of the Terrigal Formation (equivalent to
the Newport Formation; McDonnell,

1974, 1980; Herbert,

1993a) which are

petrographically similar to the overlying Hawkesbury Sandstone. It is envisaged that
these sandstone beds represent tongues of the latter formation which encroached into
the lagoonal environment.

7.3.2 LITHOFACIES

The lagoonal deposits are mainly composed of dark grey mudstone and interbeds of
fine- to medium-grained sandstone (Figure 7.8). However, several different lithofacies
can be recognised in these deposits.

The recorded major lithofacies assemblages in

these deposits are: conglomerate; sandstone; and mudstone.

Some of these facies

contain subordinate lithofacies which are discussed below.

Conglomerate

Conglomerate is one of the least abundant lithofacies in the lagoonal deposits.
However, in places, it occurs as thin layers ranging in thickness from 2 cm to about
10 cm. It also may occur as individual beds up to 40 cm in thickness, which show a
slightly erosional contact with the underlying shaly units (Figure 7 .11 ). Conglomerate
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to sandy conglomerate normally shows two different lithologies.

One is a greyish

brown conglomerate in which the grains are mostly recycled material from the adjacent
strata. The second is a whitish grey to white conglomeratic sandstone consisting mostly
of quartz grains and resembling the overlying Hawkesbury Sandstone.

Both of

conglomeratic units may show a fining upward sequence.

Interpretation: presence of conglomeratic units in these strata shows that strong
currents were periodically involved in the sedimentary environments.

Fining upward

trends in these units indicates deposition during high to waning flow stages.

The

reddish brown conglomerate to sandy conglomerate manifest that the currents responsible
for deposition of these units mostly reworked the previously deposited strata and
redeposited them.

White conglomeratic sandstone, on the other hand, indicates that

material similar to the overlying Hawkesbury Sandstone was periodically brought into
the depositional environment during floods.

Sandstone
Sandstone is an abundant lithofacies in these deposits and is mainly developed in middle
part of the sequence (Figure 7 .8). It mostly occurs as solitary and stacked ripple crosslaminated sandstone sets.

Some of the sandstone beds are earthy white to white in

colour and resemble the overlying HaVv'.kesbury Sandstone, whereas some show a reddish
brown colour and are mostly composed of reworked materials from the adjacent strata.
Most of sandstone is fine- to medium-grained, but layers of very coarse-grained to
pebbly sandstone are present as well and may show a fining upward trend. Sandstone
beds often show an erosional basal contact with the underlying mudstone and shale;
rarely large clasts up to 5 cm in diameter of the underlying material are present in
lower part of the sandstone units.
One characteristic of the sandstone is the presence of symmetrical ripple marks.
Some of the fallen blocks in the Garie North Head, show well preserved symmetrical
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ripple marks (Figures 7.12 & 7.13), ripple crests are principally straight to slightly
curved and often do not exhibit bifurcation but terminated crests are common (Figure
7 .12). Some of the ripples have very low height and occur as individual parallel crests
with discontinuous troughs (Figure 7 .13); these form starved symmetrical ripples with
only the crest preserved. Some of the thin sandstone beds show distortion probably due
to penecontemporaneous plastic deformation of the associated thixotropic mudstone.
Observed ripple heights vary from about 1 cm to 3 cm and ripple wave length ranges
from 6 cm to about 11 cm. The ripple index varies from 6 to 10. In places these
sandstone lenses occur as solitary units in the finer-grained deposits and form flaser to
lenticular bedding.

Vertically superimposed cross-laminated sandstone beds are also

present and form units up to 30 cm thick (Figure 7.12).
Planar cross-bedded and plane-bedded sandstone are not common in this unit but
do occur in places. In outcrops north of Garie Beach a persistent sandstone bed about
50 cm thick is present in the middle of the lagoonal deposits and, in places, it laterally
changes from a horizontally bedded sandstone to planar cross-bedded sandstone (Figure
7.14). Planar cross-bedded sandstone was also recorded in the outcrops northwest of
Wollongong (Figure 7 .15).

In this locality fine- to medium-grained sandstone units

(about 20 cm thick) are present that may laterally and/or vertically change into planebedded (Figure 7 .16) or ripple cross-laminated sandstone. Planar cross-bedded sandstone
is locally developed and can be traced laterally for a few metres.
Fine- to medium-grained sandstone in the lagoonal deposits normally contains
abundant trace fossils. Growth faults were also active during deposition of the lagoonal
deposits (Figure 7 .17). Deformation structures, including ball and pillow and convolute
bedding, are also present above the dark grey to black mudstone in the uppermost part
of the lagoonal deposits (Figure 7.18).
Interpretation: interpretation of the very coarse to pebbly sandstone with an

erosional basal contact is similar to the interpretation of the conglomeratic units as
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discussed above.

Most of the fine- to medium-grained sandstone shows ripple cross-

lamination with most of the ripples being symmetrical (Figures 7.12 & 7.13).

The

ripple index normally ranges between 6 to 10 ; ripple index and also ripple symmetry,
continuity and straightness indices indicate symmetrical wave generated ripple marks
(Figure 5.22). The sand was brought into the depositional environment by periodic high
energy events (storms or floods) and was reworked by wave action in a relatively
shallow water environment. The waves were probably produced by the wind blowing
across the confined body of water.

The presence of sandy conglomerate and pebbly

sandstone with erosional lower contacts indicate that occasionally strong currents were
active in the sedimentary environment, but the symmetrical ripple marks were produced
by oscillatory currents in calm periods probably in a stagnant body of water.
Plane-bedded sandstone with associated unidirectional current structures like planar
cross-bedding indicate that locally high flow regimes were active during deposition
(Figure 7 .16). The plane bedded sandstone probably represent upper flow regime plane
beds developed in very shallow water. As competency of flow decreased, planar crossbedded sandstone was produced by unidirectional currents above the plane-bedded
sandstone as or laterally adjacent to it as the flow passed into slightly deeper water in
microdelta (Figures 7.15 & 7.16). Calmer periods with no flow allowed wave reworking
of the sandstone which is present as ripple cross-laminated sandstone.

Presence of

locally abundant trace fossils and plant fragments in the fine- to medium-grained ripple
cross-laminated sandstone also indicate a sedimentary environment with predominantly
weak current action and low sediment input.
Growth faults are present in the sandstone units in the middle part of the lagoonal
deposits (Figure 7 .17). As can be seen in this figure, units on the right hand side are
much thicker than beds on the left hand side indicating activity during deposition.
Presence of undisturbed sedimentary structures in the lower left side (planar crossbedded sandstone) and disturbed sedimentary structures in the right hand side indicate
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that this fault had been active before solidification of the strata.

At the top of the

faulted units unfaulted mudstone bed and sandstones are present indicating termination
of fault activity. Growth faults in the middle sandstone unit were formed by differential
compaction of the underlying dark grey mudstone.
Sandstone layers in the uppermost part of the lagoonal deposits contain
penecontemporaneous deformation structures (Figure 7 .18). These structures occurred
either during the process of deposition or soon after. As was discussed by Blatt et al.
( 1980), different mechanisms can cause sediment deformation. Gravity forces acting on
deposits with reverse density gradient is considered to be responsible for deformation
in this sandstone (load structures).

Deformation in the sandstone bedding and water

escape structures were produced when the sand sank down into the underlying soft mud
(Figure 7.18).

Mudstone

Mudstone is the most abundant lithofacies in these deposits occurring as well laminated,
massive and highly carbonaceous mudstone. It is most abundant in lower and upper
parts of the lagoonal deposits, whereas toward the middle of the unit the number of
sandstone interbeds increases to form consistent interbeds of sandstone and mudstone
(Figure 7.8).
Well laminated muds tone is the most abundant lithofacies in this unit. Lamination
occurs due to changes in grain size and colour, and the laminated mudstone is mostly
interbedded with fine-grained sandstone (Figure 7 .19).

This lithofacies is mostly

developed in the lower middle and upper middle parts of the unit.

Characteristic

features of this unit are the abundance of trace fossils in places and the presence of
mudcracks (see next section).
Massive and highly carbonaceous mudstone are also relatively abundant in the
lagoonal deposits. Two thick massive mudstone beds are present in the lowermost and
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uppermost parts of the lagoonal deposits in outcrops north of Garie Beach (Figures 7 .1
& 7 .8) and some thinner beds occur within the unit. Some of these deposits may be

finely laminated and have abundant plant fossils; trace fossils normally are not present
in these deposits. The uppermost massive mudstone in the exposures north of Garie
Beach is dark grey to black in colour and contains abundant plant fossils and
carbonaceous material (Figure 7.18).

In this bed, plant fragments (reed-like plants)

including stems and leaves are arranged along bedding planes. A similar unit with a
preserved thickness between 20 cm to 30 cm is present in outcrops northwest of
Wollongong. A part of this latter unit is eroded by the overlying channel deposits.
Interpretation: the well laminated mudstone was deposited in a relatively shallow

aqueous environment subject to periodic influxes of silt and clay. It is often interbedded
with thin sandstone laminae (Figure 7 .19). Thick sequences of laminated mudstone in
this part of the basin indicate long term sedimentation of these deposits without
disruption.
Highly carbonaceous dark grey to black mudstone was deposited in a poorly
drained environment under reducing conditions. They are clearly finer grained than the
laminated mudstone. These deposits normally contain abundant plant fossils, including
stems and leaves, indicating a heavily vegetated area.

The well preserved plant

fragments show that they have not been transported for a long distance. Lack of trace
fossils in these deposits possibly shows that animals could not live in the highly
reducing conditions.

Reduced conditions can be related to the decay of the plant

fragments by micro-organisms in a poorly drained environment. Lack of mudcracks in
these deposits indicate the area was not exposed during deposition of the highly
carbonaceous mudstone. In the massive mudstone north of Garie Beach, a thin bed of
tuff (with a distinctly different mineralogy) has been observed (Figure 7 .20) which is
laterally quite extensive and represents an ash fall deposit. The tuffaceous unit is finer
grained than the Garie Formation and accretionary lapilli have not been observed in it.
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Mudcracks
In places, mudcracks are present in the laminated mudstone and fine-grained sandstone.
Mudcracks were developed in thin mudstone layers (normally less than 10 cm thick) and
were filled by the fine-grained sandstone (Figures 7.21 & 7.22). The sandstone layers
are thin (mostly about 5 cm thick) and do not show any sedimentary structures.
Superimposed beds containing mudcracks are also present in places. The mudcracks are
normally distorted due to the penecontemporaneous compaction of the mudstone.
Interpretation: presence of mudcracks in these deposits indicates that the area was
periodically exposed and the mudstone was dried out. The mudcracks were filled by
the sandstone in the next flood or storm event. It is not clear whether the sandstone
layers were wind derived or current derived. However, since the alternating mudstone
and sandstone layers are present, it is postulated that these layers are most likely current
derived. Each basal sandstone layer and overlying mudstone layer represent one flood
or storm event; the mudstones probably represent longer periods of sedimentation.
However time span between alternating storm or flood event had been long enough to
allow the mudstones to dry out. Evaporite minerals and/or their pseudomorphs have not
been observed in the studied section supporting a mainly fresh water environment for
these deposits.
North of Sydney, McDonnell (1974) reported several leached zones (ganister-like
or silcrete beds), palaeosols and suncracks in the equivalent deposits indicating subaerial
exposure.

Branagan ( 1969) also reported at least four sedimentation breaks in these

deposits to the north of Sydney.

However, in the observed outcrops north of Garie

Beach and northwest of Wollongong palaeosol horizon have not been observed.

Trace Fossils
The lagoonal deposits are the only strata in the studied succession that contain
significant bioturbation and trace fossils (except the possible suspected trace fossils in
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palaeosols of the floodplain deposit C). Trace fossils are well developed in outcrops
north of Garie Beach and also in the Iluka 55 bore hole, but are poorly developed in
outcrops northwest of Wollongong. They show different shapes and sizes and mostly
are present in laminated mudstone and fine-grained sandstone. Trace fossils have not
been observed in massive and highly carbonaceous shales.
Trace fossils are present both as vertical and horizontal burrows. Vertical burrows
are less common and range in length from less than 1 cm to more than 10 cm, their
diameter ranges between about 1 mm to about 1 cm (Figure 7.23).
Horizontal burrows on the other hand, are more common and show a variety of
shapes and sizes. These burrows have an irregular cylindrical shape, with a diameter
ranging from about 2 mm to about 3 cm (Figure 7.24). They usually occur in finegrained sandstone units or siltstone beds and form a persistent layer.

Superimposed

stacked sandstone layers with trace fossils are abundant and different layers may show
different trace fossil in regard to shape and size (Figure 7 .25).
Presence of trace fossils in these strata indicate that the depositional environment
had been wet enough to allow burrowing animals to live. The fine-grained organicrich lagoonal deposits probably provided food for these animals. Trace fossils in the
lagoonal deposits are mostly Planolites, Skolithos and Palaeophycus(?). Naing (1990,
1993) reported a variety of trace fossils in the equivalent unit in the northern part of
the Sydney Basin.

Plant Fossils

Plant fragments and fossil tree trunks are present in almost all of the coarse-grained
units in the studied succession (bed-load fluvial deposits A, B, and C; mixed-load fluvial
deposits A and B; and braidplain deposits). However, one characteristic of the lagoonal
deposits is the lack of tree trunk fossils and large plant fragments. On the other hand,
the dark grey to black shale and mudstone in these deposits contain abundant plant
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fossils (Figure 7 .26). The plant fossils mostly comprise stems and leaves of the reedlike plants which are not recorded in the other fine-grained strata in the studied
succession. Stems range in width from less than 1 cm to about 3 cm. Plant fossils are
not abundant in areas where the lagoonal deposits are thinner and lack well developed
laminated carbonaceous mudstone.
Retallack ( 1980) discussed the history of Sydney Basin vegetation. He noted that
during deposition of the Bulgo Sandstone, conifers forested most of the Sydney Basin.
In the late Early Triassic (uppermost part of Bulgo Sandstone) a broadleaf flora
dominated by Dicroidium zuberi spread across the Sydney Basin. The following floras
were recognised in the upper Bulgo and Newport depositional systems; Dicroidium
zuberi var. feistmantelii; Dicroidium lancifolium var. lancifolium; Pterorroachis
barraealensis;

Dicroidium dubium

var.

australe;

Umkomasia

sp.;

Lepidopteris

madagascariensis; Taeniopteris sp.; Pleuromeia sp. and Taeniopteris lentriculiformis

(Retallack, 1977, 1980). Equisitalian stems (mainly Phyllotheca spp.) and Pteridosperm
fronds and leaves (Dichroidium spp.) are particularly common in the lagoonal deposits
(Ward, 197la).
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CHAPTER EIGHT
SEDIMENTARY PETROGRAPHY AND PALAEOCURRENTS

8.1

INTRODUCTION

The sedimentary petrography of the sequence from immediately above the Bulli seam
to under the Hawkesbury Sandstone has been carried out by using a variety of analytical
methods. All the petrographic work has been carried out on fresh sandstone samples
taken from the two fully cored bore holes (Iluka 55 & 60 bore holes). Samples were
taken from every major change in lithology. Fine-grained samples have been selected
from both bore holes and selected outcrops and to cover as much range in lithology as
possible.
Sedimentary petrography of this sequence was carried out by using a petrographic
microscope, augmented by X-ray diffraction (XRD), scanning electron microscope
(SEM), microprobe and stable isotope analysis.

Petrological microscope studies are

still the most important technique used to determine the textural and mineralogical
features of sandstone samples.

The XRD techniques are used to identify and semi-

quantitatively study the fine-grained units, and also fine-grained components of the
sandstone in the studied succession.

The SEM has become the most useful tool to

study the morphological and diagenetic aspects of sandstone, particularly authigenic
minerals (clay, quartz and others). Microprobe and stable isotope analysis was carried
out on sideritic and ironstone samples to investigate their depositional environment.

8.2

PREVIOUS STUDIES

Many of the early workers on the Narrabeen Group have mentioned its general lithology

"'

and petrological characteristics (e.g. Culey, 1932; Hanlon et al., 1953), but the first
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systematic study of the sandstone units in the Southern Coalfield, including the lower
part of the Narrabeen Group was carried out by McElroy (1957). Loughnan (1963)
studied the petrology of a vertical section of the Narrabeen Group deposits at
Helensburgh.

Parts of the fine-grained deposits of this group were studied by Baker

(1956), Loughnan (1963), Loughnan et al. (1964), Goldbery and Holland (1973),
Loughnan et al. (1974) and Retallack (1977).

Ward ( 1971 a, b) carried out

comprehensive petrological studies on the Narrabeen Group.

Recently, Bai (1991)

examined the petrology and diagenesis of coarse-grained units in the Narrabeen Group.
I

A brief summary of the petrology is given as the basis of provenance discussion
and to solve particular environmental question. No attempt has been made to provide
a detailed account of the mineralogy or diagenesis of the sequence since this would
simply be repeating previous detailed studies. The texture of the studied sequence is
also briefly discussed and used as an aid in the environmental interpretation.

8.3

COMPONENTS

The studied sequence 1s mostly composed of coarse-grained (conglomerate and
sandstone) and fine-grained units (mudstone, claystone and tuffaceous rocks).
Conglomeratic units are mostly polymictic, containing a distinctive assemblage of red,
green and grey pebbles.

The gravels are mainly composed of volcanic fragments,

quartz pebbles, ironstone nodules and intraformational claystone and mudstone clasts.
Up-section, the amount of quartz pebbles increases and in the Newport depositional
system, oligomict conglomerate is mostly composed of quartz pebbles.

Sandstone is

the most abundant component of the studied succession; the amount of quartz in the
sandstones increases up-section whereas the amount of lithic fragments decreases in this
direction.

Fine-grained deposits, on the other hand, are present mostly as siltstone,

mudstone and claystone. Kaolinite is the dominant mineral and the amount of this
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mineral increases up-section.

Other recorded minerals are; illite, mixed-layer clays,

hematite, carbonates (mostly siderite ), anatase and other trace minerals.

8.3.1 COARSE-GRAINED DEPOSITS
8.3.1.1

COMPONENTS

The coarse-grained deposits are the main lithology and form about 60% of the studied
succession. They include the mixed-load fluvial deposits A and B (Coal Cliff Sandstone
and upper part of the Bulgo Sandstone), bed-load fluvial deposits A, B and C (Otford
I

Sandstone Member, Scarborough Sandstone and lower part of the Bulgo Sandstone) and
the braidplain deposits (middle part of the Bulgo Sandstone). Fifteen components were
recognised in the coarse-grained units; different kinds of quartz, rock fragments ,
feldspars and muscovite are the most abundant components in these rocks. Components
in the coarse-grained units are summarised in Table 8.1.

Quartz

Detrital quartz grains are one of the most abundant components in the sandstone and
conglomerate.

The amount of detrital grains ranges from 5% to 80% in the studied

succession (Ward, 1971a; Bai, 1991). Four quartz types are recognised based on the
genetic classification of quartz types (P.D. Krynine, in Folk, 1980; Table 8.1).
Distinction between metamorphic quartz and volcanic quartz required the identification
of composite grains with preferred orientation of elongate crystals (metamorphic quartz)
or inclusion-free, idiomorphic crystals with straight extinction (volcanic quartz).
Three forms of detrital polycrystalline quartz were recognised: (1) composite
quartz consisting of almost uniformly sized crystals (Figure 8.1); (2) composite quartz
consisting of different sized crystals; and (3) composite quartz with preferred oriented
crystals (Figure 8.2).

Some of the quartz crystals are free of inclusions and may be

subhedral suggesting they were volcanic derived. Large monocrystalline quartz grains
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m some quartz-rich sandstone samples show sharp to undulose extinction and it is
postulated that such grains are probably of plutonic origin. Quartz grains (mono- and
polycrystalline) containing various amounts of fluid inclusions are common and are
interpreted to represent hydrothermal vein quartz (Figure 8.3).

Polycrystalline quartz

with sutured contacts and preferred orientation indicative of a metamorphic source have
also been observed (Figure 8.2). Quartz overgrowths were identified in a number of
thin sections (Figure 8.4). Sometimes a zone of inclusions occurs near the outer margin
of the quartz grains and resembles quartz overgrowths but, in fact, it represents a
volcanic quartz (Scholle, 1979).

The original boundary of the detrital grains and

overgrowth quartz are sometimes not clear and are obliterated by the enlargement
process. In these cases, shape of the grains and degree of rounding may not represent
their condition at the time of deposition.

Quartz is also present as veins of various

width which filled cracks in detrital grains particularly chert grains. Microcrystalline
quartz (chert) is also present as detrital grains (Figure 8.5).
Corrosion of the quartz grains is common. It mostly occurs due to replacement
by carbonate and, in some cases, only a small amount of original quartz remained
(Figure 8.6). Mineral inclusions in the quartz grains are mostly composed of muscovite
(based on petrography of the larger inclusions; Figure 8.7) but, other inclusions
including heavy minerals (mostly zircon) and needle-shaped minerals (probably
tourmaline and rutile) are also present.
Pressure solution is not common m the studied deposits.

Paucity of pressure

solution in these rocks may indicate that clay matrix and rock fragments could
compensate for the compaction pressure.

Rock Fragments

Rock fragments are the main component of the coarse-grained units particularly in the
lower part of the succession (Figures 8.8 & 8.9). Most of these fragments are volcanic,
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but metamorphic and sedimentary rock fragments are also present.

Volcanic rock

fragments mainly show relict igneous textures like porphyritic and trachytic.

These

rock fragments are mostly composed of silicic to intermediate lava and tuff. Some of
the rock fragments show intensive weathering; they have altered to clay minerals and
formed a cloudy texture which resembles detrital chert grains, however the presence of
microcrystals (phenocrysts) in them or a coarse-grained groundmass helps to distinguish
them.
Sedimentary rock fragments including chert, sandstone, siltstone and mudstone are
also relatively abundant in the coarse-grained units. Chert occurs in two forms: some
of them are composed of very uniform microcrystalline quartz but, other grains may
show a combination of microquartz and megaquartz. However, in some cases the chert
grains are likely to be mistaken for fine-grained volcanic rock fragments with a sericitic
matrix and cement. Bai (1991) reported that chert grains have a positive relationship
with volcanic rock fragments and their amounts both decrease up-section.

Reworked

pebbles of claystone, shale and mudstone are also volumetrically important in some
samples and are considerably coarser than the surrounding grains due to their lower
specific gravity (Figure 8.9 & 8.10). Coarse-grained siltstone rock fragments are also
present and some of these rock fragments contain heavy minerals indicating that at least
part of the heavy mineral suite in these deposits has a recycled origin.
Metamorphic rock fragments are volumetrically not important in the coarse-grained
units.

Polycrystalline quartz with sutured contacts and preferred orientation which

indicate metamorphic source have previously been discussed as a quartz type (Figure
8.2). However, other metamorphic rock fragments like schist and slate are present in
some samples. These fragments show a preferred orientation of elongated minerals.
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Feldspars

Both, potassium and plagioclase feldspars were recognised (Figure 8.11). Feldspars are
mostly altered to clay minerals and sericite and have a cloudy appearance under the
microscope (Figure 8.12).

In many cases, the altered grains are hard to distinguish

from the chert or clay matrix, however relict albite twins in plagioclase and microcline
twins help to differentiate some of them. Fragments of feldspars, frequently without
visible twining are also present and are normally partially altered to sericite, chlorite
and clay minerals. Their cloudy appearance and light brown colour in plane-polarised
light help to distinguish them from the quartz grains.

In some samples, altered and

unaltered plagioclase are present in the same thin section; this could be related to the
different chemical composition of the feldspars or, it may indicate that the alteration
occurred in the source area where only some grains were affected.

Many of the

feldspars grains are replaced partly or totally by carbonate (Figure 8.13) as a result of
diagenetic alteration.

Minor Components

Mica, heavy minerals and oxides are mmor components of the sandstone and
conglomerate beds.

Mica, including biotite and muscovite, is present in most of the

samples and normally is coarser than the surrounding grains due to the large surface
area.

Muscovite is more abundant probably due to its greater chemical stability and

usually its flakes are deformed around the detrital grains due to the compaction pressure
(Figure 8.14). Some of the rock fragments contain parallel aligned micaceous texture
and show characteristics of metamorphic rocks (slate or schist). Mica also occurs as
inclusions in some of the quartz grains (Figure 8.7).

Heavy minerals occur as fine

grains in the studied samples.

They are always smaller than the surrounding grains

due to their higher density.

The heavy minerals include zircon, tourmaline and

leucoxene (Ward, 1971a; Bai, 1991; Figure 8.15a, b). As mentioned earlier in this part,

179
detrital grains containing heavy minerals are also recognised. Many of the quartz grains
also have heavy minerals as inclusions. Oxides are present in some samples, they are
mostly iron oxides and occur as both detrital grains and/or diagenetic coatings on detrital
grams.

8.3.1.2

CEMENT AND MATRIX

Cement

Carbonate, silica and clay cements were recognised in the sandstone with carbonate
I

being the dominant one.

Microcrystalline carbonate cement occurs as patches of

indistinguishable crystals filling intergranular spaces (Figure 8.16) while macrocrystalline
carbonate cement forms large crystals that normally show two clear cleavage directions.
In many cases the carbonate cement has corroded and replaced detrital grains including
quartz (Figure 8.6) and feldspar (Figure 8.13). XRD analysis revealed that the carbonate
cements are mostly composed of siderite, but calcite, ferroan calcite, dolomite and
ankerite are also reported (Bai, 1991).

However, in thin section studies it was not

possible to differentiate all of these cements. In some cases, two carbonate cements
may be present, they show different relief and birefringence (Figure 8. l 7a, b), but it
is not clear whether they are different in composition or only show different stages of
crystallisation. In hand specimen, the cement sometimes produced a colour staining.
Thin sections made from these samples revealed that the stained patches are very large
carbonate crystals that enveloped many detrital grains (Figure 8.18) and produced a
poikilotopic texture (Scholle, 1979).
Silica cement is present as different stages of quartz overgrowth (Figure 8.4).
Under the SEM, the quartz overgrowth are present as euhedral crystals with different
sizes (Figure 8.19). The secondary quartz is also present in the form of chalcedonic
quartz.

Chalcedony cement mostly occurs as radiating bundles of fibres infilling the

intergranular spaces.
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Clay cement occurs coating detrital grains and infilling the pore spaces.
thin section studies it was not possible to differentiate clay minerals.

In the

SEM results

revealed that they are mostly composed of kaolinite and illite/smectite (Figure 8.20).

Matrix

Intergranular spaces are commonly filled with very fine-grained materials which are all
termed matrix. It includes primary detrital and authigenic and diagenetic clay minerals,
clay and silt-sized mica, quartz, feldspar and rock fragments. However, in many cases
it is not clear whether materials which fill the pore spaces should be considered as
cement or matrix.

SEM studies of selected samples have shown that a considerable

amount of the matrix is composed of clay minerals particularly kaolinite and
illite/smectite (Figure 8.20). Some of the sandstone samples that contain more volcanic
rock fragments have expandable clay minerals as matrix (Bai, 1991), this makes them
friable in the field and when exposed to the wetting and drying. In thin section, they
are mostly composed of altered mica.

Similar matrix was reported to be mostly

composed of degraded illite and/or mixed-layer clay minerals (Ward, 197la).

8.3.1.3

TEXTURE

Twenty five thin sections from different stratigraphic units were selected for textural
analysis (Table 8.2). In this study, grain size, roundness, sorting and maturity of the
samples were examined. Folk (1951) suggested that three textural properties determine
the maturity of a sandstone: the amount of clay size materials; sorting of the grains;
and rounding of the grains. Grain size ranges from gravel to silt and most of the grains
are subangular to subrounded.

The coarse-grained deposits are mostly poorly to

moderately sorted. The abundant clay matrix, feldspar, subangular to subrounded grains
and poorly to moderately sorted nature of these deposits resulted in the formation of
immature to submature rocks (Table 8.2).

However, it was found difficult to
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differentiate detrital clay from authigenic clay minerals under the petrographic
nucroscope.

Sedimentary rock fragments are recognised in these deposits, but it is

postulated that most of the grains have not been recycled.
Recognised textures coincide with the fluvial depositional setting postulated for
these deposits (Table 8.2). Aeolian and shoreface deposits normally show well rounded
and well sorted grains with higher textural maturity, but fluvial deposits normally
contain a wide range of grain sizes (except for lack of availability of all grain sizes in
the source area) and may not show well rounded grains. Fluvial deposits tends to have
a poorly sorted texture and expect to have lower maturity compared to deposits laid
down in an environment with relatively steady currents.

8.3.2 FINE-GRAINED DEPOSITS
The fine-grained deposits volumetrically form about 40% of the studied succession.
They include the floodplain deposit A (Wombarra Shale), floodplain deposit B (Stanwell
Park Claystone) and floodplain deposit C (Bald Hill Claystone). A major part of the
lagoonal deposits (Newport Formation) and also a few mudstone lenses in the coarsegrained units are also composed of fine-grained materials. One major and a few minor
tuffaceous units are also recognised.

Mineralogy of the fine-grained deposits was

principally analysed by XRD, including bulk sample studies for whole rock mineralogy
and oriented samples for detailed study of the clay fraction.

All the oriented clay

samples were glycolated and heated to differentiate various kinds of clay minerals.
However, where necessary thin sections were made from the mudstone to study their
textural aspects under the petrographic microscope as well.

8.3.2.1

COMPONENTS

Seventy four samples of the fine-grained deposits were examined by X-ray diffraction.
Nineteen components were recognised which are summarised in Table 8.3. Quartz and
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kaolinite are present m most of the studied samples; other recorded minerals are
illite/smectite,

nnca

(muscovite

and

sericite),

mixed-layer

clay

minerals,

montmorillonite/chlorite, siderite, hematite, anatase and a few other minerals occur as
minor components (Table 8.3).

Quartz

Quartz is present in most of the studied samples, it is particularly abundant in the finegrained strata between the Bulli Coal and Coal Cliff Sandstone, within the Coal Cliff
Sandstone, the floodplain deposit A (Wombarra Shale), lower part of the floodplain
deposit B (Stanwell Park Claystone), within the Bulgo depositional complex and in the
lagoonal deposits (Newport Formation; Table 8.3).

The upper part of the floodplain

deposit B, floodplain deposit C and Garie Formation do not normally contain a
significant amount of quartz. Presence of quartz in the XRD analysis is helpful, its
peak act as a "built-in internal standard" and can be used to estimate the accuracy and
the precision of the peak positions for other phases (Moore & Reynolds 1989).

Feldspar

Feldspar occurs in small amounts in the fine-grained deposits of the Narrabeen Group
and in most samples it was not detected. Feldspar is present in the coarse-grained units
of the Narrabeen Group succession. Paucity of feldspars in the fine-grained units is
postulated to be related to intensive weathering and alteration of the feldspar to clay
minerals.

Kaolinite

Kaolinite is present in most of the studied samples.

The amount of this mineral

mcreases up-section and the Bald Hill Claystone and Garie Formation are mostly
composed of kaolinite. The amount of kaolinite in the Bald Hill Claystone was reported
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to be more than 50% (Ward, 1971a) and 75% m some samples (Loughnan et al.,
1964).

Loughnan et al. (1974) reported that a complete gradation from disordered

kaolinite in the lower part to a well ordered kaolinite in the upper part occurs in the
Docker Head Claystone (equivalent to the Garie Formation) in the western Blue
Mountains area.

In the southern Sydney Basin the floodplain deposit C (Bald Hill

Clays tone) and Garie Formation are mostly composed of well ordered kaolinite
(Loughnan, 1970; Ward, 197la, b).

In thin section, kaolinite is visible as fine, low

birefringence crystals through the matrix or sometimes as well developed authigenic
vermicular crystals. In determining kaolinite in diffractograms care should be taken as
a chlorite peak may superimpose the 001 peak of kaolinite in some samples and
increase peak intensity.

Also, in some samples the 002 peak of kaolinite (mostly at

24.9° 20) may superimpose the 004 peak of chlorite (mostly at 25.1° 20) and produce
greater peak breadth than at 12.5° 20, in these cases the 003 peak of these minerals are
used for positive identification.

Illite

Illite is a common clay mineral in the fine-grained deposits in the lower part of the
Narrabeen sequence. It is present in the fine-grained strata between the Bulli Coal and
Coal Cliff Sandstone, fine-grained units within the Coal Cliff Sandstone, the Wombarra
Shale, lower part of the Stanwell Park Claystone, fine-grained units in the Bulgo
Sandstone and the Newport Formation.
Hill Claystone and Garie Formation.

However, illite is almost absent in the Bald

It is worth mentioning that by taking the illite

peaks (using a computerised program), peaks of smectite, muscovite and siderite will
be removed as well. As many of the hand specimens of the fine-grained units contain
muscovite flakes, it is postulated that the illite probably contains variable amounts of
muscovite and sericite as well. Bulk sample studies sometimes show more illite than
oriented samples probably due to the coarser grained nature of the mica flakes that
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have been excluded from the oriented sample.

Illite and glauconite have similar 20

values but, the difference is that the 002 peak of glauconite, unlike illite, is very weak
or actually does not exist. However, no glauconite was seen in any thin section.

Mixed-layered Clay Minerals
Mixed-layered (interlayered or interstratified) clay minerals are present in the Wombarra
Shale, Stanwell Park Claystone (Loughnan, 1963; Ward, 1971a), Newport Formation and
fine-grained deposits in the Coal Cliff Sandstone, Scarborough Sandstone and Bulgo
Sandstone.

The diffractograms of the mixed-layer clays normally have a broad 001

peak and their reflections have irregular spacing. In this study no attempt was made
to differentiate various mixed-layer clay minerals.

Hematite
Hematite is a maJor constituent of the red and red-brown fine-grained units.

It is

particularly abundant in the Bald Hill Claystone (Table 8.3; Figure 8.21a, b) and may
reach up to 25% of this unit (Loughnan et al., 1964; Ward, 197la). It is also abundant
in the upper part of the Stanwell Park Claystone. This mineral is also present in most
of studied thin sections of the coarse-grained units as an opaque or alteration mineral.
It is postulated that at least part of the hematite could be related to the alteration of
siderite.

Siderite
One of characteristics of the studied succession is the abundance of the siderite (Table
8.3).

As discussed in section 5.2.2.3, this mineral may be present as a chemically

deposited mineral in the fine-grained deposits of the Coal Cliff Sandstone and
Wombarra Shale (Figure 8.22a, b) but, most of the siderite grains in the fine-grained
deposits are authigenic minerals formed by early diagenetic processes (Figure 8.23a, b).
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The siderite is frequently altered to limonite, goethite and/or hematite.

Some of the

siderite grains in the mudstone show a concentric structure (Figures 8.24, 8.25a, b ). As
was discussed in section 6.2. l .3c, some of the concentric siderite grains in the
Wombarra Shale could be related to reworking of the siderite formed in palaeosols.
Ward (1971a) reported concentric grains of siderite in the Bald Hill Claystone which
is believed to be related to the palaeosols as well, as the Bald Hill Claystone essentially
is composed of superimposed palaeosol horizons.

Siderite tends to form in reducing

conditions. It is more abundant in the grey mudstone of the Wombarra Shale (Figure
8.22a, b) and grey claystone of the Garie Formation (Figure 8.23a, b ), which are
believed to have been deposited under reducing conditions, than in the Bald Hill
Claystone which was deposited under oxidising conditions. Ward ( 1971 a) reported that
the amount of siderite may exceed the amount of kaolinite in the Garie Formation.
Loughnan (1970) and Ward (1971a) discussed that the main difference between the
Bald Hill Claystone and Garie Formation is the oxidation state of iron minerals. In the
former it occurs as Fe20 3 while in the latter it is present as FeC03 • As discussed in
section 7 .2.2, the Bald Hill Claystone and the Garie Formation are quite different in
both origin and composition.

8.3.2.la

Siderite Elemental and Isotopic Composition

Siderite bands are mostly present in the fine-grained deposits of the Coal Cliff
Sandstone and in the lower part of the Wombarra Shale. Recent studies have shown
that stable isotopes (0 & C) and the chemical composition of siderite (amounts of Fe,
Ca, Mg and Mn) can be used to distinguish freshwater siderite from marine or brackish
forms (Weber et al., 1964; Machemer & Hutcheon, 1988; Mozley, 1989; Bloch, 1990;
Mozley & Wersin, 1992; Moore et al., 1992; Mozley & Carothers, 1992).

Siderite

from fresh-water environments is often relatively pure (i.e. more than 90 mol% FeC03)
and commonly attains end-member composition.

Siderite from marine environments,
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however, is always impure and has extensive substitution of Mg (up to 41 mol%) and,
to a lesser extent, Ca (up to 15 mol%) for Fe in the siderite lattice (Mozley, 1989).
Moreover, marine siderite generally contains less Mn and has a higher Mg/Ca ratio
than fresh-water siderite (Mozley, 1989).
Continental siderite also generally has higher values of 813 C than marine siderite;

8180 values for fresh-water and brackish water siderite are different as well (Mozley &
Wersin, 1992). Continental siderite has a considerable range in 8180 values due to a
variety of factors such as; latitudinal-topographic effects, evaporitic concentration of

818 0 and mixing with sea water in coastal areas, whereas, marine siderite is less
variable in 0180. It is suggested that siderite with 813C values <-8%0 (PDB) are most
likely of marine origin, whereas those with 818 0 values <-13%0 (PDB) with positive

813 C values are most likely of non-marine origin (Mozley & Wersin, 1992).
Mozley (1989) and Hart et al. (1992) suggested that purity of siderite can be
related to the pore water composition at the time of siderite precipitation.
samples were selected for electron microprobe analyses.

Seven

One of the samples was

selected from the underlying Illawarra Coal Measures (sample number 14973) for
comparison purposes. The result of electron microprobe analysis is shown in Table 8.4.
Carbonate in sample number 14971 (lower part of W ombarra Shale) is mostly composed
of calcite (average amount of CaC0 3 about 94 mol%). However, the other six samples
are mostly composed of siderite (Table 8.4). The average amount of iron carbonate in
the siderite varies from about 70 to 93 mol%. Average amount of FeC03 in samples
from Coal Cliff Sandstone ranges from 78 to 88 mol% (sample numbers 14967-14970).
The sample from the Wombarra Shale (sample number 14972) shows less FeC03
(average about 70 mol%) whereas the sample from the Illawarra Coal Measures (14973)
has higher amount of iron carbonate in the siderite (average 93 mol%).

The

composition of siderite from the same crystal often varies considerably which is
attributed to the early diagenetic alteration of the pore-water chemistry.
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All of the samples contain relatively high amount of MnC03 (from 1.3 mol% to
6 mol %) that suggest a freshwater origin.

Mozley ( 1989) reported that the marine

siderites have less than 1 mol% MnC03• The relatively high amount of MgC03 in
sample number 14972 and also to a lesser extent in other samples are considered to be
related to the volcanic-rich nature of the source materials emanating from the New
England Fold Magmatic Belt. The lithic fragments usually contain a large amount of
Mg-bearing minerals which would release Mg ions into the groundwater as they
weathered.

It is postulated that most of the studied siderite was deposited m a

floodplain setting where concentrations of some cations can occur by evaporation.
Mozley (1989) and Mozley and Carothers (1992) argued that the nature of the source
area can affect composition of siderite and may disproportionately bias the composition
toward a particular component. Moore et al. (1992) noted that the siderite composition
varies considerably in modem subsiding marsh deposits.

In sum, it is believed the

studied samples represent freshwater siderite formed during early diagenesis. As
discussed below, the stable isotope composition of the siderite also supports a freshwater
ongm.
Three samples from the Coal Cliff Sandstone, five samples from the Wombarra
Shale and one sample from the Illawarra Coal Measures were selected for stable isotope
analysis.

The results are shown in Table 8.5.

Bai (1991, p. 247) also reported 8

isotopic compositions of siderite from borehole samples of the Narrabeen Group deposits
(Table 8.6). The oxygen isotope values in that study were reported in standard mean
ocean water (SMOW) which are converted to the Peedee belemnite (PDB) using the
relation Opoa = 0.970060sMow - 29.94 (Friedman & O'Neail, 1977).
The result of the stable isotope compositions are plotted m Figure 8.26.
Comparison of this figure with figures 2 and 4 of Mozley and Wersin (1992) suggest
a continental origin for these samples. The result of the data from Bai (1991) appears
not to fit in the diagrams presented by Mozley and Wersin (1992), however the 813C
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values are close to the continental siderite (Figure 8.27). However, as was reported by
numerous authors (e.g. Bloch, 1990; Moore et al., 1992; Gibson et al., 1994), the
amount of C and 0 stable isotopes in a given deposits may vary considerably.
Therefore, care should be taken when interpreting the results.

Mozley and Wersin

(1992, figures 2 & 3) summarised the 0180 vs 013C values for continental and marine
siderite.

As can be seen in those figures, all the marine influenced siderite is more

enriched in 018 0 than -13%0 PDB (except a few samples from Bloch, 1990) whereas all
the studied samples contains 0180 values showing less than this amount of 0180
supporting a continental origin. Mozley and Wersin (1992) also suggested that many
marine siderite samples have
studied samples.

o C values
13

<-8%0 (PDB) which do not match with the

All of the studied samples and the data available from Bai (1991)

show

o C values

oC

in the samples from the Wombarra Shale is attributed to be related to the

13

13

>-8%0 (PDB) supporting a continental origin. The lower values of

decomposition of the organic materials in this unit.

Chlorite

Most of the fine-grained deposits in the Stanwell Park Claystone and within the Bulgo
Sandstone are light green in colour. The XRD results show that these deposits contain
a variable amount of chlorite and probably the green colour is related to the presence
of this mineral. In Table 8.3, the chlorite and montmorillonite are considered together.
However, some of the light green mudstone of the Bulgo Sandstone does not show
chlorite, but contains mixed-layer clay minerals. The green pigmentation in the latter
deposits possibly derives from the latter clay minerals. Some of the green sandstone
units in the Bulgo Sandstone also contain chlorite.
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Minor Components

Chemical analysis of the Bald Hill Claystone by Loughnan et al. (1964) and Ward
(1971a) showed approximately between 2% to 4% of Ti02 in these deposits.

XRD

analysis have revealed that the titanium is present as anatase not only in the Bald Hill
Claystone but also in the samples from the other stratigraphic units as well (Table 8.3).
The Bald Hill Claystone is the stratigraphic unit that contains copper. The copper
is present as irregular aggregates and nodules with normally a light green colour in the
middle and a bleached zone around it (Figure 6.23). XRD results from these nodules
indicate presence of cuprite (Cu02) and malachite (Cu2COiOH)2 ; Table 8.3, sample
number 14888). It is believed that copper has concentrated around the reduction spots
(mostly plant fragments) in a floodplain setting.

8.3.2.2

TRACE ELEMENTS

As discussed in section 6.2. l .2a the lower part of the studied succession was postulated
to be marine influenced. The boron content of fine-grained deposits can be used as a
environmental indicator since deposits laid down in a marine environment normally
contain more boron than sediments deposited in a fresh water environment.

Twelve

samples from different stratigraphic divisions were selected for trace element boron
analysis (Table 8.7). All the samples were selected from the bore holes to eliminate
the possibility of contamination from marine salt spray on the coastal outcrops. All of
the samples contain less than 50 ppm boron indicating a fresh water environment (Table
8.7; F. Goodarzi, personal communication, 1994). These results support the previously
postulated terrestrial origin for these deposits.

8.3.2.3

TUFFACEOUS ROCKS

The Garie Formation is the main tuffaceous unit in the N arrabeen Group succession.
Its physical characteristics and stratigraphic position was discussed in section 7 .2. The
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tuffaceous rocks range from thin laminae (about 1 cm) within the Newport Formation
(Figure 7 .20) to massive beds more than 2 m thick (Garie Formation).
Petrography and mineralogy of the Garie Formation was mentioned by Baker
(1956) and Loughnan (1970). Its equivalent in the western Blue Mountain area (Docker
Head Claystone Member) also was studied by Goldbery and Holland (1973) and
Loughnan et al. (1974). In the past, this unit was regarded as detrital material deposited
by epiclastic processes (above mentioned authors and Bunny & Herbert, 1971), but this
study revealed that the Garie Formation represent a deeply weathered tuffaceous unit
(see section 7 .2 for discussion). In cores and outcrops the unit is mostly composed of
grey to cream claystone mottled by siderite.
In the thin section, the tuffaceous unit is composed of clay minerals and siderite.
It shows a considerable variation in texture ranging from dense and extremely fine-

grained to pelletal or concentrically layered aggregation (Baker, 1956, Loughnan, 1970).
Siderite is present as patches with two well developed sets of cleavage in thin sections
(Figure 8.23a, b). XRD analysis indicates that this unit is mostly composed of wellordered kaolinite and siderite (Table 8.3).

Kaolinite is the dominant mineral and in

most of the samples it constitutes more than 85% of the rock (Loughnan, 1970).
Anatase may be present in some of the samples as well.
The origin of the kaolinite-rich claystone was examined by Loughnan ( 1970) and
Loughnan et al. (1974). The interpretation of the Garie Formation in this study is in
contrast with the previous works as was discussed in section 7 .2.

Loughnan ( 1970)

concluded that these deposits were formed by transportation of lateritic soils and
deposition under reducing conditions. Goldbery and Holland (1973) suggested that the
Garie Formation was deposited by fast-flowing streams draining a bauxitised catchment
area.

They further concluded that the stratigraphically equivalent Docker Head

Claystone Member was deposited in a floodplain setting by periodic floods that
transported fine colloidal material from_a bauxitised source. Loughnan et al. (1974)
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concluded that the Docker Head Claystone Member was deposited in a fluvial system
comprised of "sluggish rivers".

The "oolitic" layer at the top the Docker Head

Claystone Member was interpreted as possible reworked floodplain material produced
by rejuvenation of the streams (Loughnan et al., 1974, p. 401).

However, the Garie

Formation and Docker Head Claystone Member do not show the thickness variation
expected in fluvial deposits and it is impossible to explain the vast lateral extents and
uniform thickness of these units by normal epiclastic processes.
The Garie Formation in some places exhibits clear evidence of ash fall deposits .
The concentrically banded lapilli at the top of the Garie Formation in the outcrops
northwest of Wollongong are interpreted as accumulations of accretionary lapilli by
winnowing of the fine ashes by weak currents (B.G. Jones & P.F. Carr, personal
communication). A similar interpretation is envisaged for the equivalent layer at the
top of the Docker Head Claystone Member (see section 7.2 for full discussion).
Furthermore, previous interpretation implies that climate has been hot and humid at the
time of deposition to allow bauxitisation and lateritisation to form.

However,

palaeoclimatological evidence indicates a cool to temperate climate during the deposition
of the upper Narrabeen Group (Herbert, 1980a; Quilty, 1984).
The kaolinite-rich character of the Garie Formation is attributed to the primary
composition of the ash-fall materials and subsequent diagenetic processes.

As was

discussed by Francis (1985) and Triplehom and Bohor (1986), the kaolinite-rich tonstein
rocks in the coal measures are related to ash fall-out from eruption clouds.

The

alteration of the volcanic ash to kaolinite, requires a deep weathering, leading to the
intense leaching of the Si, Mg, Ca, Na, K and Fe.

Some of these elements may

contribute to the formation of new minerals during diagenetic processes, such as siderite
formation in the Garie Formation.
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8.4

PALAEOCURRENTS

The first palaeocurrent analysis of the Narrabeen Group succession was carried out by
Culey (1932) who studied ripple marks of the upper Narrabeen Group strata in the
central part of the Sydney Basin. Crook (1957) worked on palaeocurrent direction of
the Narrabeen Group succession mostly based on cross-bedding directions. A detailed
palaeocurrent study on the Coal Cliff Sandstone was carried out by Diessel et al.
(1967). The palaeocurrent patterns for the Narrabeen Group strata in the Illawarra area
were studied in detail by Ward (1971a, 1972).

MacRae (1978) also carried out

I

palaeocurrent measurement of the Narrabeen Group in the area between Wollongong
and Stanwell Park. Conaghan et al. (1982) mentioned palaeocurrent directions of the
Permo-Triassic units in the Sydney Basin including the Narrabeen Group. Palaeocurrent
directions in the upper part of the Narrabeen Group in Garie region was studied by
Cowan (1993).
In this study no attempt was made to carry out a detailed palaeocurrent analysis

as it would simply be repetition of the previous works, however, palaeocurrent direction
of the Narrabeen Group strata (mostly planar and cross-bedding, fossil log orientations
and pebble imbrication) between Scarborough and Garie North Head were measured in
various localities (see Appendix 4 for palaeocurrent data). In the following discussion,
the palaeocurrent direction of the Narrabeen Group strata is mostly discussed based on
the result of the present study and then is compared to the previous studies.
Palaeocurrent of the Coal Cliff Sandstone was measured based on planar and
trough cross-bedding and fossil log orientations in the coastal cliffs and shore platforms
between Scarborough and Coal Cliff. The rivers responsible for deposition of the Coal
Cliff Sandstone were generally flowing toward the south. The result from the present
study shows a vector mean of 190° based on planar and cross-bedding measurements
and vector mean of 184° (04°) based on fossil logs orientations (Figure 8.28). Diessel
et al. ( 1967) reported a vector mean of 220° for the lower part of the Coal Cliff
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Sandstone whereas Ward (1971a, 1972) calculated a 178° vector mean for the Coal
Cliff Sandstone. MacRae (1978) calculated a vector mean of 210° for the Coal Cliff
Sandstone. It seems that variations in the reported vector means is related to various
subpopulations of data from the different parts of the unit used by the above mentioned
authors. The general trend is consistently towards the south or south-southwest.
Outcrops of the Otford Sandstone Member in road cuttings between Clifton and
Coalcliff were used to measure palaeocurrent directions. The Otford Sandstone Member
has a vector mean equal to 199° (Figure 8.28). MacRae's (1978) studies showed a 202°
I

vector mean for this unit which is close to the present study.

The palaeocurrent

direction for this unit was not studied by the other previous workers.
Palaeocurrent measurements from the Scarborough Sandstone were carried out in
coastal cliffs and shore platforms between Coalcliff and Bulgo.

The Scarborough

Sandstone has an overall palaeocurrent trend of 189° based on planar and trough crossbedding measurements and 231° (051°) based on fossil log orientations (Figure 8.28).
The difference between the palaeocurrent trend measured by cross-bedded units and
fossil logs is related to the population of fossil logs which are mostly present in the

-

upper coarse-grained part of the unit that generally show a more westerly vector mean.
Ward (1971a, 1972) reported a 137° vector mean for the lower part of the Scarborough
Sandstone and a 224° vector mean for the upper part of the unit.

MacRae (1978)

studies gave an overall vector mean of 203° for the Scarborough Sandstone.
The Bulgo Sandstone forms a major part of the Narrabeen Group succession.
The palaeocurrent measurements were carried out in coastal cliffs and shore platforms
between Werrong and Garie North Head (Figure 1.3). The lower part of the Bulgo
Sandstone has a vector mean of 191 ° based on planar and trough cross-beddings in area
between Werrong and Era (Figure 8.28). Ward (1971a, 1972) reported a vector mean
of 205° for the lower part of the lower Bulgo Sandstone in the area between Werrong
and Burning Palm, and a vector mean equal to 164° for the upper part of lower Bulgo
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m area between Burning Palm and Era.

The middle part of Bulgo Sandstone has a

vector mean equal to 194° in area between Era and Thelma Head (Figure 8.28). Crook
(1957) carried out palaeocurrent measurements on middle part of the Bulgo Sandstone
and reported a vector mean of 210° for these strata in the area near Thelma Head.
Ward (1971a, 1972) reported a vector mean of 213° for these strata in this latter
locality. The upper Bulgo Sandstone has a vector mean value of 202° in the area north
of Garie Beach (Figure 8.28). Ward (1971a, 1972) reported a vector mean of 167° for
this part of Bulgo Sandstone whereas Cowan (1993) reported a vector mean of 222° for
I

these strata in Garie North Head.
The Newport Formation in the Garie North Head contain locally abundant
symmetrical ripple marks which are mostly present in fallen blocks, however, the nature
of outcrops in this area is not suitable for palaeocurrent measurements, i.e. three
dimensional outcrops to be used for measuring ripples characteristics are absent. Ripple
marks crests in the Newport Formation north of Sydney show preferred alignment in a
north-south direction which indicate east or west currents or winds (Culey 1932; Cowan,
1993). Crook (1957) reported a 081° vector mean for the upper part of the Newport
Formation at Palm Beach. Cowan (1993) reported 082° for the lower part, 134° for the
middle part and 075° for the upper part of the Newport Formation in an area south of
Broken Bay north of Sydney (Figure 8.28).
Sandstone units in the upper part of underlying Illawarra Coal Measures show a
similar palaeocurrent trend to the Narrabeen Group succession (except the Newport
Formation). Bamberry (1991) reported a 159° vector mean for the Kembla Sandstone
at Belanglo and a 146° vector mean for the same unit in the area between Scarborough
and Clifton. MacRae's (1978) studies showed a vector mean from 172° to 192° for the
Eckersley Formation in the area from Scarborough to north of Clifton.
The overlying Hawkesbury Sandstone has a different palaeocurrent direction
compared to the studied succession (except some parts of Newport Formation which
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have similar palaeocurrent trend to the Hawkesbury Sandstone).

The general

palaeocurrent trend in the Hawkesbury Sandstone is to the north or northeast.

The

average palaeocurrent trend determined by Standard (1969) is 034° for this unit. In the
area between Garie and Curracurrong in the Royal National Park both the planar and
trough cross-bedded units show a consistent northeastward trend (Rust & Jones, 1987).
Recent studies by Cowan (1993) also showed a 033° palaeocurrent direction for the
Hawkesbury Sandstone south of Broken Bay and 058° north of Broken Bay.

8.5

DISCUSSION

As mentioned earlier, Loughnan (1963), Ward (1971a, 1972) and Bai (1991) carried out
petrographic, diagenetic and provenance studies on the N arrabeen Group deposits.
Cowan (1993) also studied the upper part of the Narrabeen Group and discussed its
petrography and provenance.

The following discussion has combined the results of

previous works and the results of the present study.
During deposition of the Narrabeen Group sequence, the Sydney Basin was in a
retro-arc tectonic setting.

It was bounded by the Lachlan Fold Belt to the west,

northwest and southwest and by the New England Magmatic Belt to the north-northeast
(Figures 1.1 & 8.29).

Ward (1971a, 1972) proposed that the Gerringong Volcanic

Facies was also present in the eastern part of the basin and acted as a source for the
middle Narrabeen Group. However, the Gerringong Volcanic Facies was present at the
time of Shoalhaven Group sedimentation (Jones, 1990) and would have been covered
by the time of Narrabeen Group deposition.

No evidence for an easterly source has

.
been found in the present study.

The Lachlan and New England terrains form the

major sources of the sediments in the Sydney Basin. Periodical uplifting of the source
areas provided influx of detritus into the basin (Conaghan et al., 1982) which are
present as "petrographic jumps" as was discussed by Cowan (1993). Areas adjacent to
each of these source regions mainly received sediment from the nearby source, however,
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farther toward the centre of the basin a mixture of the sediments from different sources
occurred along an axial drainage system extending from the Gunnedah Basin (Tadros,
1993a; Figure 8.29).
The Narrabeen Group succession is mostly composed of conglomerate, sandstone,
mudstone and shale. Coarse-grained units in this succession consist largely of detrital
quartz grains which constitute from 5% to 80% of the sandstone and lithic fragments
that form up to 70% of the coarse-grained units (Bai, 1991). The amount of quartz
generally increases up-section while the amount of lithic fragments decreases in this
direction (Loughnan, 1963; Ward, 1971a, 1972; Bai, 1991). In a given stratigraphic
unit, the amount of quartz also may increase and the amount of lithic material decrease
towards the west, where the quartzitic source was located.

The amount of volcano-

lithic material also increases toward the north-northeast (Ward, 1971a; Cowan, 1993)
where the New England Magmatic Belt was present.
Only two main sources were present at the time of Narrabeen Group deposition
and they acted as dominant source at different stages (Figure 8.29) as suggested by
Conaghan et al. ( 1982). The New England Fold Belt supplied lithic fragments and
quartz grains to the basin. It was the major source of deposits in the lower part of the
sequence (Wombarra, Scarborough and lower Bulgo depositional systems).

The

influence of the New England Fold Belt source decreased up-section as reflected in the
decrease of lithic fragments in the higher stratigraphic units (upper part of Bulgo
Sandstone; Ward, 1972; Bai, 1991; Cowan, 1993).

However, as was discussed by

Dutta and Wheat (1988), at least part of the deficiency in feldspar and lithic fragments
in the upper part of the Narrabeen sequence could be related to the intensive weathering.
The Lachlan Fold Belt on the other hand, provided detrital quartz clasts into the basin
(Figure 8.29).

It was particularly important in the western part of the basin.

The

influence of the Lachlan Fold Belt increases up-section and it became the main source
for the uppermost units of the Narrabeen Group succession (upper part of the Bulgo
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Sandstone and Newport Formation).

The general increase of quartz moving up the

stratigraphic section was related to an anticlockwise rotation of the palaeocurrent
direction, which increased the contribution of the Lachlan Fold Belt derived sediments
up-section (Conaghan et al., 1982; Cowan, 1993).

The middle part of the Bulgo

Sandstone contains abundant volcanic lithic fragments. Ward (1971a, 1972) considered
a volcanic source towards the east (Gerringong Volcanic Facies) as a major source for
these volcano-lithic deposits. However, the volcanic detritus in the Narrabeen Group
is felsic, not mafic, and is related to the New England source.

Sediment from the

Lachlan Fold Belt source contributed in the Bulgo Sandstone as well (Conaghan at al.,
1982).
Carbonates, clay minerals and quartz are the main diagenetic minerals; their
formation was controlled by physico-chemical conditions and the pore water
composition. Siderite is the most abundant carbonate, but calcite, dolomite and ankerite
were also reported (Bai, 1991). Kaolinite is the most abundant diagenetic clay mineral,
however illite, illite/smectite and chlorite/smectite are also present.

The paragenetic

sequence of diagenetic minerals was discussed by Bai (1991). Based on petrological
evidence, the diagenesis of the sandstone units starts with grain coatings of hematite and
early clay minerals. It was followed by the carbonate cementation with calcite being
the first to form, succeeded by siderite, ferroan calcite and ankerite. Kaolinite, quartz
overgrowths and a small amount of calcite and ankerite were among the last diagenetic
minerals (Bai, 1991).
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CHAPTER NINE
PALAEOENVIRONMENTAL RECONSTRUCTION AND DISCUSSION

9.1

INTRODUCTION

In the previous chapters lithofacies, architectural elements, palaeohydrology and other
characteristics of the N arrabeen Group succession have been discussed.

Here, an

attempt is made to interpret the palaeoenvironments for this part of the Sydney Basin
at

the

time

of

deposition

of

the

N arrabeen

Group

succession.

The

palaeoenvironments in the southern part of the basin can then be compared to the
rest of the basin and to some extent to the contiguous Gunnedah and Bowen Basins.
Recognised depositional systems are also compared to the published examples and
their similarities and differences are discussed.
The various stratigraphic units in the studied success10n can be related to
tectonic events within and adjacent to the basin, for example, loading of the thrust
belt and concomitant flexure of the basin floor. In this part, several syntectonic finegrained deposits and antitectonic coarse-grained units have now been recognised.
As discussed in chapter 8, the coarse-grained units of the Narrabeen Group
succession are mostly composed of quartz and volcanic rock fragments. The Lachlan
Fold Belt toward the west and southwest has been the main source for the quartzitic
units, whereas the New England Magmatic Belt to the north and northeast provided
the volcano-lithic rock fragments to the basin (Figure 1.1; Ward, 1971a, 1972;
Conaghan et al., 1982; Hamilton & Galloway, 1989; Figure 8.29).
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9.2

STRATIGRAPHIC

IMPLICATIONS

FROM

THE

STUDIED

SUCCESSION
In this study, based on genetic relationships between the strata, three depositional
sequences, one depositional complex and six depositional systems are recognised in
the succession above the Bulli Coal and under the Hawkesbury Sandstone (Table
2.4).

The W ombarra depositional system is the lowermost depositional system

recognised in the studied succession. It has a gradational contact with the underlying
strata and includes all the strata above the Bulli Coal and under the bed-load fluvial
deposit B (Scarborough Sandstone; see section 6.2.1.1 ).

It correlates with the Coal

Cliff Sandstone and Wombarra Shale (including Otford Sandstone Member) as was
defined by Hanlon et al. (1953).

The Wombarra depositional system contains coal

seams near Sutherland (Dickson, 1972; Hill et al., 1994). In the past, these deposits
have been included in the N arrabeen Group strata. However, this study revealed that
the Wombarra depositional system forms a part of the underlying Illawarra
depositional sequence (Dehghani & Jones, 1994c).

The Coal Cliff Sandstone and

Otford Sandstone form two sandstone members m this depositional

system.

Therefore, in this study, it is suggested that the Coal Cliff Sandstone should be
degraded to a member status and the whole of the Wombarra depositional system is
suggested to be excluded from the Narrabeen Group and included in the underlying
Illawarra Coal Measures (Table 9.1).

The uppermost part of the Illawarra Coal

Measures (Eckersley Formation) is composed of fluvial channel, floodplain/lacustrine
and peat mire deposits (Bamberry, 1991 ). The composition of the sandstone units is
similar to the those in the Wombarra depositional system and they show a similar
palaeocurrent trend (see section 8. 4; see Bamberry, 1991) indicating same source
(i.e. New England Fold Belt).

Several sandstone units similar to the Coal Cliff

Sandstone Member are present in the underlying Illawarra Coal Measures and have
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member status (e.g. Novice, Loddon and Lawrence Sandstone Members m the
Eckersley Formation).
The Narrabeen Group (N arrabeen depositional sequence) as defined in this
study, includes the Scarborough Sandstone and Stanwell Park Claystone (Scarborough
depositional

system)

and Bulgo Sandstone

depositional complex; Table 9.1).

and Bald Hill Claystone

(Bulgo

The Scarborough depositional system represents

the basal unit of the Narrabeen depositional sequence.

It overlies the Wombarra

depositional system with a basin-wide erosional surface that shows a marked
lithofacies change in the Sydney Basin (see section 2.7.1). The Bald Hill Claystone
with a hiatus at the top (a well developed palaeosol horizon) forms the uppermost
unit of the Narrabeen Group (see section 6.2.3).
The Newport depositional system is the uppermost unit studied. It includes the
Garie and Newport Formations. The Garie Formation forms a thin (normally between
60 cm to 2 m thick) and uniform unit in the southern, western and central Sydney
Basin.

In the past, it was considered as a unit with epiclastic origin, however, this

study revealed that the Garie Formation represent an ash fall unit with accretionary
lapilli within it.

It is suggested that the Garie Formation should be degraded to a

member status. Due to its distinctive lithology, it is here called the Garie Claystone
Member of the Newport Formation (depositional system).

The lateral equivalent of

the Garie Claystone Member in the Blue Mountains (Docker Head Claystone
Member) has the same lithology and characteristics and has a member status
(Loughnan et al., 1974). Similar units in the Illawarra Coal Measures (e.g. Huntley,
Farmborough and Burragorang Claystone Members) have member status and some of
them are much thicker than the Garie Claystone Member, e.g. the Burragorang
Claystone Member is up to 16 m thick (Bamberry, 1991).
The Newport Formation lies on a hiatal surface at the top of the Bald Hill
Claystone.

Preserved deposits in this area are probably equivalent to the lower
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manne influenced deposits recorded by Naing (1990) in the northern part of the
Sydney Basin. There are several quartzitic sandstone units in the equivalent Terrigal
Formation in the northern part of the basin where the unit is thicker.

These

sandstone units petrologically resemble the overlying Hawkesbury Sandstone and their
palaeocurrent trend is different from the rest of the Narrabeen Group strata and is
similar to the Hawkesbury Sandstone (Figure 8.28).

The upper part of the Terrigal

Formation with thick quartzitic sandstone units (in the northern part of basin) may
never have been deposited in the southern part of basin and could be equal to the
lower part of the Hawkesbury Sandstone in the latter area. Therefore the upper part
of the Terrigal Formation which has a gradational contact with the overlying massive
sandstone units of Hawkesbury Sandstone (McDonnell, 1974, 1980; Herbert, 1993a)
can be considered as time equivalent of the lower part of the Hawkesbury Sandstone
in the southern Sydney Basin.

Bunny and Herbert (1971) also noted that the

Newport Formation is time equivalent to the lower part of the Hawkesbury Sandstone
in the western part of the basin. The Hawkesbury Sandstone is overlain by the finegrained deposits of the Mittagong Formation which forms the floodplain deposits of
the former fluvial channel system (Herbert, 1980c).

To sum up, the Newport

Formation, Hawkesbury Sandstone and Mittagong Formation have a strong genetic
relationship, therefore, these stratigraphic units can be grouped together.

In this

study, it is suggested that the Gosford Subgroup of the Narrabeen Group should be
upgraded to a group status to include the Garie Claystone Member, Newport
Formation, Terrigal Formation, Hawkesbury Sandstone and the Mittagong Formation.

9.3

WOMBARRA DEPOSITIONAL SYSTEM

Lithofacies and other characteristics of the Wombarra depositional system were
discussed in sections 3.2.2, 5.2 and 6.2.1.

The Wombarra depositional system is

mostly composed of floodplain and lacustrine deposits with two fluvial sandstone
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members.

It includes the floodplain deposit A (Wombarra Shale and the strata

between the Bulli Coal and Coal Cliff Sandstone Member), mixed-load fluvial
deposit A (Coal Cliff Sandstone Member) and bed-load fluvial deposit A (Otford
Sandstone Member).

9.3.1 FLOODPLAIN DEPOSIT A
The floodplain deposit A has a gradational contact with the underlying Illawarra Coal
Measures and forms between 60% to 70% of the W ombarra depositional system. In
this study, the floodplain deposit A is informally subdivided into three parts; lower,
middle and upper fine-grained units (see section 6.2.1).
The lower fine-grained unit gradationally (and m places disconformably)
overlies the Bulli Coal and the fluvio-deltaic deposits of the upper Illawarra Coal
Measures (see section 6.2.1.2).

It was mostly deposited by sediment-laden fresh

waters as inter-channel lacustrine to floodplain deposits.
The middle fine-grained unit (see section 6.2.1.3) constitutes the mam part of
the floodplain deposit A.

It forms extra-channel deposits of the mixed-load fluvial

deposit A (Coal Cliff Sandstone Member and equivalent channel deposits). This unit
is mostly composed of grey laminated and massive mudstone which was deposited in
a poorly drained floodplain environment and possibly inter-channel shallow lakes. In
the central part of the basin, coal seams were reported to be present in these strata
(Dickson, 1972; Hill et al., 1994) indicating the presence of peat mires in places.
However, toward the west, in the Iluka 55 and 60 bore holes several palaeosol
horizons were recognised in this unit which indicate frequent subaerial exposure of
the area.
The upper fine-grained unit (see section 6.2.1.4) forms extra-channel deposits of
the bed-load fluvial deposit A (Otford Sandstone Member and equivalent coarsegrained units).

In the upper part of this unit, prior to being overlain by the bed-

204
load fluvial deposit B, beds of plane-bedded sandstone appeared which are interpreted
as splay deposits heralding the re-approach of a channel system of bed-load fluvial
deposit A.

9.3.2 MIXED-LOAD FLUVIAL DEPOSIT A
The mixed-load fluvial deposit A (Coal Cliff Sandstone Member) has an erosional
contact with floodplain deposit A.

Presence of this unit indicates that local fluvial

channels were present in the Wombarra depositional system.

The mixed-load fluvial

deposit A is mostly composed of downstream to lateral accretion architectural
elements (DLA).

Other recorded architectural elements are gravelly bedforms (GB),

lateral accretion (LA), sandy bedforms (SB) and overbank fines (OF; see section
5.2). The multistorey character of the mixed-load fluvial deposit A indicates that the
rate of channel migration within the aggrading channel-belt was large enough to
allow superposition of channel deposits before the channel-belt was abandoned (cf.
Bridge & Mackey, 1993).
The channel-fill sequence in the mixed-load fluvial deposit A produced locally
stacked channel belt successions.

Individual channel deposits were formed by the

migration of straight crested 2-D dunes and sinuous crested 3-D dunes which are
now present as DLA architectural elements.

During floods, solitary longitudinal

gravelly bars (GB architectural element) also formed in places.

Interbedded OF and

SB architectural elements in the upper part of the unit represent floodplain, crevasse
splay and levee deposits.

OF elements are also present within the unit, but are

always partly or totally eroded by the overlying sandbody due to the lateral
migration of the channel(s). The presence of LA architectural elements indicates that
point bars were also involved in this fluvial system.

The architectural elements of

the mixed-load fluvial deposit point to a low to moderate sinuosity mixed-load
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fluvial system (meander belt but with low palaeocurrent dispersion; see section 5.2;
Figure 8.28).
Palaeohydrological studies of this unit indicate that the mixed-load fluvial
deposit A was deposited in the channels that ranged from 1.5 to 4.5 deep, and up to
c~lculated

7 m deep during floods . The channel width was
200 m.

to range from 30 m to

The rivers formed isolated meander belts and sand ribbons on a floodplain

and associated lacustrine deposits.

The rivers shifted their position probably mostly

by avulsion, or where the sinuosity was higher by neck cut-off.

The multistorey

nature of the lower part of the mixed-load fluvial deposit A, with its erosional lower
boundary, indicates lateral migration of the channels.

The Coal Cliff rivers were

The palaeoenvironment of the

flowing toward the south-southeast (Figure 8.28).

mixed-load fluvial deposit A is shown in Figure 9.1. The mixed-load fluvial deposit
A appears to be similar to the South Saskatchewan model proposed by Miall
(1978b).

Channel deposits in this model show a typical fining upward trend and

may resemble point bar cycles in the meandering rivers (Miall, 1978b, 1982).

9.3.3 BED-LOAD FLUVIAL DEPOSIT A
The bed-load fluvial deposit A (Otford Sandstone Member) has an erosional contact
with the underlying middle fine-grained unit.

Presence of these deposits in the

Wombarra depositional system indicates that braided nver systems were locally
active, probably due to the increase in gradient.

This unit is mainly composed of

GB and DLA architectural elements (see section 3.2.2).

The GB architectural

element is present as longitudinal gravelly bars with Gm lithofacies and transverse
gravelly bars with Gp lithofacies.

The GB architectural element mostly occurs as

solitary units that have been deposited during floods.

Superimposed units with Gm

lithofacies are also present which indicate accumulation of the gravelly bars in
repeated flooding events.

The DLA architectural element indicates that most of the
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sediments were deposited as 2- and 3-D dunes in the channel.

The laminated sand

sheet (LS) architectural element is abundant in this unit and is composed of Sm/Sh
lithofacies.

This element was deposited in very shallow channels as upper flow

regime plane-beds.

The other less developed architectural elements in the bed-load

fluvial deposit A are the SB and OF architectural elements.
Palaeohydrological studies revealed that the bed-load fluvial deposit A was
deposited in shallow channels ranging in depth from about 1 m to about 3 m.
Calculated

channel

width

ranges

from

about

70 m

to

about

200 m.

Palaeoenvironment of this unit is shown in Figure 9 .2.
The bed-load fluvial deposit A is partly comparable with several of the braided
river models proposed by Miall (1978b).

Its gravel amount is similar to the Donjek

type model, but it lacks the well developed trough cross-bedded sandstone.

It is

postulated that the bed-load fluvial deposit A was deposited in shallower channels
compared to the Donjek type.

The lithofacies association of this unit differs from

the South Saskatchewan type model as it contains more gravelly units.

The bed-

load fluvial deposit A was probably deposited by flashy flows in a series of shallow
channels.

The lithofacies of this unit are similar to shallow ephemeral channels in

arid areas.

9.3.4 DISCUSSION
Diessel et al. (1967) and Herbert (1980a) proposed a probable estuarine environment
for the lower fine-grained unit.

However, in this study no clear sign of marine

influence was found in these deposits (see section 6.2.3.c).

Trace element analysis

(Table 8.5) showed that the boron content of these deposits is low and indicates a
fresh water origin. Microfossil studies also failed to show any marine influence (see
section 6.2.1.3b).

The Wombarra depositional system is composed of fine-grained

deposits including laminated and massive mudstone, palaeosols, symmetrical and
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asymmetrical ripple marks and coarse-grained units such as massive to crudely
bedded conglomerate and planar and trough cross-bedded sandstone. It is postulated
that the Wombarra depositional system is entirely represented by terrestrial deposits
including channel, floodplain and shallow lacustrine deposits in the southern Sydney
Basin.

Both fluvial channel and floodplain deposits show variation in style.

The

mixed-load fluvial deposit A (Coal Cliff Sandstone Member) represents a mixed-load
river with low to moderate sinuosity whereas the bed-load fluvial deposit A (Otford
Sandstone Member) consists of shallow braided river deposits.

The floodplain style

ranges from wet (lacustrine) and poorly drained in the coastal outcrops to coal
swamps in the central part of basin (Sutherland area). Well drained floodplain areas
were present in the western part of study area where several palaeosol horizons were
recognised.
As discussed in section 9.2, in this study the Wombarra depositional system is
considered to form the uppermost part of the Illawarra Coal Measures sequence.
This depositional system has several similarities with the Eckersley Formation of the
Illawarra Coal Measures.

The Eckersley Formation is composed of floodplain,

lacustrine, peat mire and fluvial deposits (Bamberry, 1991).

Fluvial deposits in the

Eckersley Formation show a southerly palaeocurrent direction (MacRae, 1978;
Bamberry, 1991) as do the sandstone units in the Wombarra depositional system.
The lithic sandstone of the Novice, Loddon and Lawrence Sandstone Members has
been derived from the same source as the sandstone units in the Wombarra
depositional system (i.e. New England Magmatic Belt; Bamberry, 1991).

The

Loddon and Lawrence Sandstone Members represent mixed-load fining upward
fluvial deposits (Bamberry, 1991) which are similar in size and nature to the mixedload flu vial deposit A in the Wombarra depositional system. However, the Eckersley
Formation contains several coal seams which are only present in the Wombarra
depositional system in the central part of basin.

This, plus the lack of palaeosol
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horizons,

indicates

that the

Eckersley

Formation was

deposited

in

a

wetter

environment compared to the Wombarra depositional system.
Previous

workers

have

interpreted

the

Narrabeen

Group,

including

the

Wombarra depositional system, in terms of the concept of periodic tectonic activity.
Periods of uplift of the New England Fold Belt are associated with syntectonic
conglomerate and coarse fluvial deposits whereas fine-grained deposits accumulated
during quiescent periods (Ward, 1971a, 1972; Bowman, 1972; Herbert, 1980a;
Hamilton et al., 1987).

However, recent findings about the development of the

foreland basins permits, and in fact requires, a new apptoach to be used for the
interpretation of stratigraphic records in foreland basins.
completely different concept is applied to describe

Thus, in this study, a

the temporal and spatial

association of the strata in the Sydney Basin.
The W ombarra depositional system was formed after inundation of the basin
due to the rate of subsidence outstripping the rate of peat accumulation.

This

subsidence caused a cessation of peat accumulation which was replaced by shallow
lacustrine and floodplain deposits.

Subsidence was partly rnlated to the compaction

of the underlying coal seams and fine-grained strata in the Illawarra Coal Measures
in the southern, central and western parts of the basin and the Newcastle Coal
Measures in the northern part of the basin (cf. Nemec, 1988). However, most of the
subsidence was probably related to the flexural sag of the basin floor due to the
Hunter-Mooki Thrust loading in the northern part of the basin.
Recent studies on foreland basins have shown that variation in fluvial style in a
basin is mostly controlled by the tectonic loading of the thrust belt and associated
subsidence.

In fact, gravel progradation in these basins is mainly controlled by

subsidence (Paola, 1988; Blair & Bilodeau, 1988; Heller et al., 1988; Paola et al.,
1992; Heller & Paola, 1992). In the model presented by Heller et al. (1988), Paola

et al. (1992) and Heller and Paola (1992), two different stratigraphic styles may
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develop over time in foreland basins.

At the early stage of thrust loading, the

overthrust portion of the basin subsides rapidly and coarse-grained units only develop
adjacent to the thrust front.
deposits.

The rest of the basin will be filled by fine-grained

At a later stage, when erosion dominates in the thrust belt, the tectonic

load will be removed and the proximal part of the foreland basin will be isostatically
uplifted along with the rebounding orogenic belt.

As a result, proximal coarse-

grained deposits will be reworked and redeposited in the distal part of the basin
above a regional erosional surface.

In this model, during periods of tectonic

quiescence, a reduction in subsidence rate in the basin might be expected that will
allow progradation of the coarse units farther into the basin.

Therefore, coarse-

grained units form during periods of reduced tectonic activity and, in fact, they are
not

syntectonic

but

rather

they

terminology of Paola et al., 1992).

represent

antitectonic

sequences

(using

the

On the other hand, during culminations of the

tectonic activity most of the basin will be filled by mainly fine-grained deposits due
to the rapid subsidence.

The studied succession represents terrestrial materials

deposited in a foreland basin setting and seems to provide an excellent example to
apply this concept.
Widespread fine-grained deposits of the W ombarra depositional system in the
southern part of the Sydney Basin, and stratigraphically equivalent units in other
parts of the basin, are interpreted to represent a syntectonic sequence.

It forms

syntectonic deposits of the first tectonic cycle in the studied succession.

The post-

tectonic deposits of this cycle are present as the bed-load fluvial deposit B
(Scarborough Sandstone) in the southern part, Burra-Moko Head Sandstone in
western part and Munmorah Conglomerate in the northern part of the basin. In this
scenario, during tectonic activity along the Hunter-Mooki Thrust, gravels were
ponded in areas close to the thrust belt (Munmorah Conglomerate) whereas thrust
loading caused extensive subsidence in the basin which resulted in deposition of the
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fluvio-lacustrine and lacustrine deposits of the W ombarra depositional system m the
southern part, Caley Subgroup in the western part and Dooralong Shale in the
northern part of the basin.

Shuster and Steidtmann ( 1987) reported that ribbon to

multistorey channel sandstone bodies encased in fine-grained deposits (similar to
mixed-load fluvial deposit A) were deposited in rapidly subsiding foreland basins. In
this case, maximum subsidence was in the area near the thrust loading (northern part
of the Sydney Basin) whereas subsidence rates decreased away from the thrust zone
in the southern part of the basin (cf. Hagen et al., 1985; Heller et al., 1988; Butler
& Grasso, 1993).

In the northern part of Sydney Basin, the subsidence rate was

greater than the sediment supply during the early phase of the Wombarra depositional
system which caused limited marine incursions into the basin (Herbert, 1993a, b;
Figure 9.3).

In the southern part of basin, however, the Illawarra Coal Measures

sequence continued with the in-channel deposits of the mixed-load fluvial deposit A
and the bed-load fluvial deposit A, which have been active during deposition, and
inter-channel deposits mostly laid down as associated floodplain and shallow lake
deposits (floodplain deposit A).
In foreland

basins,

intensive

subsidence of the

lithosphere

may

cause

development of a forebulge in the area close to the continental crust (Plint et al.,
1993) which in tum can be eroded and produce local coarse-grained units in the
distal parts of the basin.

Thus, it is possible that the Otford Sandstone Member

represent erosion of an uplifted forebulge, though this notion needs to be proved by
further basin correlation and petrological studies.
The presence of several palaeosol horizons m the studied bore holes indicates
that the western area was periodically exposed.
subsidence increased.

However, towards the north, basin

In the central part of the basin peat mires developed in low

lying areas and produced coal seams in the floodplain settings (Dickson, 1972; Hill
et al., 1994), while more intensive subsidence resulted in marine incursions in the
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northern part of the basin (Herbert, 1993a).

Palaeoenvironments for the Wombarra

depositional system are shown in Figure 9.3.
The Wombarra depositional system can possibly be correlated to the upper
Black Jack Formation in the Gunnedah Basin.

Like the Wombarra depositional

system, the upper Black Jack Formation is composed of alluvial and lacustrine
deposits (Hamilton, 1991; Tadros, 1993a, b). It overlies a well developed coal seam
(Hoskissons Coal Seam) and is disconformably overlain by braided river deposits
(Digby alluvial system; Table 2.3).

Tadros (1993a) correlated the upper Black Jack

Formation to the upper part of the Illawarra Coal Measures.
The W ombarra depositional system can also be correlated to the upper part of
the Baralaba Coal Measures and its equivalent Rangal Coal Measures and Bandanna
Formation (Fielding et al., 1990; Baker et al., 1993) in the contiguous Bowen Basin.
The Upper Black Jack Formation contains limited spatially developed coarsegrained units in the eastern part of the basin close to the thrust belt (Hamilton, 1991,
1993; Tadros, 1993b) which possibly represent syntectonic deposits of the first
tectonic cycle. Syntectonic fine-grained deposits of this tectonic cycle are manifested
in the fluvio-lacustrine to lacustrine deposits of the Upper Black Jack Formation.
The Digby alluvial system that covers most of the Gunnedah Basin with an erosional
lower boundary represents the post-tectonic (antitectonic, using terminology of Paola
et al., 1992) coarse-grained unit of this tectonic cycle.

In the Bowen Basin, locally developed alluvial fans were reported to be present
in the Baralaba Coal Measures in the eastern part of the basin close to the thrust belt
(Fielding, 1990; Baker et al., 1993). Here, these locally developed alluvial fans are
envisaged to represent syntectonic coarse-grained units possibly belonging to the
same tectonic cycle as the W ombarra depositional system described above.

The

syntectonic fine-grained deposits of this tectonic cycle are present as Baralaba Coal
Measures and its equivalent units. The alluvial deposits of the Rewan Group, which

212
lies on a wide spread erosional surface (Fielding et al., 1990), possibly represents the
post-tectonic (antitectonic) coarse-grained unit of this tectonic cycle.

9.4

SCARBOROUGH DEPOSITIONAL SYSTEM

The Scarborough depositional system is composed of the bed-load fluvial deposit B
(Scarborough Sandstone; see section 3.2.1) and associated floodplain deposit B
(Stanwell Park Claystone; see section 6.2.2).

9.4.1 BED-LOAD FLUVIAL DEPOSIT B
The bed-load fluvial deposit B is the coarsest grained unit in the studied area.
shows two distinctive sequences.

It

One starts with conglomeratic units at the bottom

and shows a fining upward trend. It terminates with sandstone strata and contains a
few fine-grained units.

The second sequence is composed of thick conglomeratic

units at the bottom and a relatively thin sandstone unit at the top.

They are

discussed below as the lower and upper parts.

9.4.1.1

LOWER PART

The bed-load fluvial deposit B rests with a distinct basin-wide erosional surface on
the underlying strata (see section 2.7.1). It represent a major change in sedimentary
patterns and related palaeocurrent trends in the Sydney Basin.

In this study the

erosional boundary at the base of the Scarborough Sandstone is considered to form
the base of the Narrabeen depositional sequence since it represents a major sequence
boundary (Arditto, 1991).

In the southern part of the basin, the unit is normally

initiated with the GB (gravelly bedform) architectural element (see section 3.2.1 for
full discussion). The GB architectural element is mostly composed of Gm lithofacies
and was deposited mainly as gravelly longitudinal bars, with less extensive 2- and 3D gravelly dunes (Gp and Gt lithofacies), deposited in high competency portions of
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the nver.

In places, the GB architectural element is also present in the middle of

the unit and is interpreted to have been deposited during flooding events when the
river had its highest competency and was able to carry gravel-size materials over the
top of sandy bedform (SB) elements.

The latter GB element is present mostly as

solitary gravelly bars.
The DLA (downstream to lateral accretion) architectural element is the most
abundant element in the lower part.

The DLA architectural element mainly formed

by deposition of straight crested 2-D dunes and sinuous crested 3-D dunes that
I

amalgamated and formed thick macroforms.

The OF (overbank fines) architectural

element forms a minor component of these strata and often is truncated by the
overlying younger coarse-grained deposits.

In places, the OF architectural element

contains the SB (sandy bedform) architectural element which occurs as crevasse
splays in these deposits. The other present architectural element in the lower part of
this unit is the LS (laminated sand sheets) element.

This element is mostly present

as parallel laminated sandstone that formed above the in-channel dunes as upper flow
regime plane-beds.
Palaeohydrology of the bed-load fluvial deposit B was discussed in section
3.2.1.4.

The in-channel strata are interpreted to have been deposited in channels

about 1.5 m to 4.5 m deep and about 100 m to 400 m wide.

These channels

formed braided river systems that coalesced and formed several large trunk streams
with erodible banks (braidplain).

The palaeoenvironment of the lower part of the

bed-load fluvial deposit B is shown in Figure 9.4.

9.4.1.2

UPPER PART

The upper part of the bed-load fluvial deposit B starts with a thick sequence of
superimposed GB

architectural elements which produced a coarsening upward

sequence for the whole of the bed-load fluvial deposit B in this area (see section
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3.2. l .2a). The GB element was produced by rivers with a high competency carrying
gravels and forming fongitudinal bars (Gm lithofacies) and 2- and 3-D gravelly dunes
(Gp and Gt lithofacies). The superimposed gravel bars are separated from each other
by sandstone lenses deposited as sand wedges during falling flow stage.

The GB

architectural element is covered by a relatively thin DLA architectural element.
DLA element was mostly deposited as 2- and 3-D sandstone dunes.

The

These dunes

were formed when the river(s) lost their competency and were not able to transport
gravel size materials. The upper part of the bed-load fluvial deposit B is terminated
by the OF architectural element.
The upper part of the bed-load fluvial deposit B was deposited in shallow
channels (between 1 m to 3 m deep) several hundreds of metres wide with abundant
gravelly longitudinal bars and 2- and 3-D dunes (Figure 9.5).

During deposition of

the bed-load fluvial deposit B, the major trunk streams were flowing toward the
south-southeast.

However, near the end of the bed-load fluvial deposit B, coarse-

grained input to this part of the basin was markedly reduced and as a result, the
overlying floodplain deposit B was deposited in low-lying areas.
The vertical profile and lithofacies assemblage of the lower part of the bedload fluvial deposit B in the southern part of the Sydney Basin appears to be
transitional between the South Saskatchewan and Donjek models of Miall ( 1978b).
The upper part, on the other hand, is mostly transitional between the Donjek type
and the Scott model of Miall.

However, debris flow deposits, which are one of the

characteristics of the Scott type, have not been observed in this area. It is postulated
that debris flows have not been involved in this area as it is more than 200 km from
the source region (New England Fold Belt).

Toward the north, where the unit is

closer to the source area, the amount of conglomeratic units increases and the
sequence becomes more similar to the Scott type model.

However, it is not clear

whether the debris flow deposits associated with the Scott model (Miall, 1978b) did
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occur in the northern part of the basin or not.

The palaeoenvironments of the bed-

load fluvial deposit B are shown in Figure 9.6.

9.4.2 FLOODPLAIN DEPOSIT B
The floodplain deposit B (Stanwell Park Claystone) forms the extra-channel deposits
of the Scarborough depositional system.

Its sedimentology and lithofacies was

The floodplain deposit B is mostly composed of

discussed in section 6.2.2.

laminated and massive mudstone (Fl and Fm lithofacies).

However, conglomerate

and sandstone units are also present in places but they are mainly composed of
reworked fine-grained materials.
The floodplain deposit B accumulated in the low-lying areas of the Scarborough
depositional system.

In the lower part, it contains a well developed laminated

mudstone (Fl lithofacies) with ripple cross-laminated sandstone (Sr lithofacies) which
is interpreted to represent proximal floodplain deposits and associated crevasse splays.
However, up-section, the amount of sandstone decreases and the sequence is mostly
composed of massive mudstone (lithofacies Fm) which indicates a more distal
floodplain setting.

The presence of coarse-grained intraclastic units in the middle

part of this sequence is considered to be related to subordinate very shallow channels
in the floodplain setting.

A few of these coarse-grained deposits have a higher

quartz and lithic content and possibly represent unsuccessful incursions of the main
channels into the observed floodplain area. The grey colour of the lower and middle
parts of the floodplain deposit B and the lack of well developed palaeosols in these
deposits indicate a poorly drained floodplain setting.
unit is indicated by the low boron content (Table 8.7).

The freshwater nature of this
However, in contrast to the

Wombarra depositional system, peat mires have not been developed in this unit.
The upper part of the floodplain deposit B is reddish-brown in colour and
normally lacks sandstone ·units.

This part of the sequence is more oxidised and
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represents a well-drained floodplain setting.

The examined outcrops and bore holes

do not show well developed palaeosols in floodplain deposit B.
The floodplain deposit B can be correlated to the Mount York Claystone in the
western part of the basin.

However, the Mount York Claystone was developed in a

better drained environment as implied by its red colour.

It is also thinner (9-12

thick, Bembrick, 1980) than the floodplain deposit B, which is probably related to
the lower subsidence rate in the western part of the basin and higher topographic
level.

The shaly units in the upper part of the Munmorah Conglomerate (Uren,

1980) in the northern part of the Sydney Basin are also probably comparable to the
floodplain deposit B. The palaeogeography of this unit is shown in Figure 9. 7.

9.4.3 DISCUSSION

The Scarborough depositional system shows different characteristics compared to the
underlying Wombarra depositional systepi.

Unlike the Wombarra depositional

system, it overlies a basinwide erosional surface and starts with coarse-grained
braided fluvial deposits.

The floodplain deposits of this system also differ from the

Wombarra depositional system as they show a better drained floodplain setting as
implied by its pink and purple colour and the lack of peat mire deposits.
The bed-load fluvial deposit B (Scarborough Sandstone) shows a complex
process of channel filling.

In the past, it was interpreted as deposits formed during

heightened tectonic activity in the New England Fold Belt (Ward, 197la, 1972;
Herbert, 1980a; Hamilton et al., 1987).
In this study a different interpretation is proposed for this unit.

As discussed

in section 9.2.4, the first tectonic cycle in the studied succession is manifested by the
syntectonic deposits of the Wombarra depositional system which is dominated by
fluvio-lacustrine and floodplain deposits.

The Wombarra depositional system was

formed due to the rapid subsidence of the basin floor after thrust loading in the
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northern part of the basin. The bed-load fluvial deposit B is considered to form the
post-tectonic conglomeratic unit of this tectonic cycle (cf. Lang, 1993; Lang &
Fielding, 1993). It rests on a basin wide erosional surface.

In the model presented

by Heller et al. (1988) and Paola et al. (1992), when subsidence rate declined due to
a reduction or cessation of uplifting in the source areas, flexural rebounding occurs
in the basin and gravelly deposits will pro grade across the basin (antitectonic
conglomerate; usmg terminology of Paola et al., 1992).

Assuming the Wombarra

depositional system was essentially syntectonic in origin, then the coarse-grained
units of the bed-load fluvial deposit B may represent a post-tectonic progradation of
the gravelly materials due to the rebounding of the northern basin floor.
As discussed earlier, the upper part of the bed-load fluvial deposit B forms the
coarsest grained unit in the studied succession.

It is postulated that the upper part

also has a post-tectonic origin and represents an antitectonic sequence. This part was
possibly formed after unloading of the thrust belt which caused further rebounding of
basin floor.

As a result, part of the previously deposited gravels were reworked and

transported farther into the basin.

The coarse-grained nature of the upper part may

indicate these deposits emanated form a source closer to the depositional environment
compared to the lower part.

However, it is also possible that the upper part was

deposited due to a climatic change in the hinterland area.

Fielding et al. ( 1990)

reported that climatic change was partly responsible for deposition of the equivalent
unit (Rewan Group) in the contiguous Bowen Basin.
Blair and Bilodeau (1988), Heller et al. (1988), Paola et al. (1992) and Heller
and Paola (1992) argued that during periods of tectonic quiescence, a reduction in
subsidence rate in the foreland basins might be expected to allow progradation of
coarse-grained units farther into the basin (antitectonic conglomerate) which 1s
consistent with the interpretation presented here. Lang (1993) and Lang and Fielding
(1993) documented multiple gravel deposits in the Late Devonian Bulgeri Formation
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m north Queensland, Australia, that were attributed to the above mentioned
mechanism.
Many authors have discussed the presence of syntectonic conglomerates in the
thrust

bounded

basins.

Steel

et al.

(1977)

reported

numerous

syntectonic

conglomerate units in the Homelen Basin, Norway, that were deposited m response
to tectonic activity.

Miall (1984) noted that uplifting of fault blocks was commonly

associated with coarse alluvial fan deposits.
the uplifted basin margin.

Both of these deposits are proximal to

Rust and Koster (1984) suggested that coarse-grained

units in the proximal part of foreland basins are mainly related to the heightened
tectonic activity (syntectonic), but in the distal parts of the basin the succession will
be more complex. In the model presented by Heller et al. ( 1988) for the infilling of
foreland basins, the coarse-grained units adjacent to the thrust front are related to the
thrust-load emplacement which is followed by a sudden decrease of the grain size
due to the relatively rapid flexure of the basin floor.

As was discussed by Paola

(1988), in basins with slow and uniform subsidence sheet-like gravels will form
whereas basins with asymmetric and rapid subsidence (like foreland basins) will
contain thick spatially restricted gravels close to the source.

In fact, in the former

situation, sediments will be sorted by durability while in the latter, clasts will be
sorted by grain size (Paola, 1988).
DeCelles et al. (1991) argued that a synorogenic conglomeratic unit was formed
by the unroofing of the thrust load and its dispersal in the Beartooth Range,
Wyoming and Montana, USA.

Jordan et al. (1988) also argued that basin filling

stratigraphy can be used to determine tectonic activity in the thrust belt.

However,

some authors believe that there is no relationship between the tectonic activity of the
thrust belt and the lithology of the sediment that accumulated in the foreland basin
(e.g. Underschultz, 1991).
basins.

However, this seems to be unrealistic for many foreland

In the studied succession, the lower part of the Munmorah Conglomerate,
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which is adjacent to the thrust belt, consists of a syntectonic coarse-grained unit.

It

rapidly gives way laterally to the syntectonic fine-grained deposits of the Dooralong
Shale and equivalent units (Wombarra depositional system in the southern part and
Caley Subgroup in the western part of the basin).

Uren (1980) suggested that the

Munmorah Conglomerate and Dooralong Shale (and equivalent units) are timetransgressive (diachronous).
Paola (1988), Paola et al. (1992) and Heller and Paola (1992) considered four
factors to be responsible for the vertical grain size changes in alluvial basins; input
I

sediment flux, subsidence rate, supplied gravel fraction and diffusivity.

It is

postulated that these factors acted at different stages in the infilling history of this
part of the Sydney Basin.

Input sediment flux, subsidence rate and supply of the

gravel fraction was mainly controlled by the tectonic activity along the HunterMooki Thrust Belt and associated subsidence of the basin due to the flexure of the
basin floor.

Hagen et al. (1985), Butler and Grasso (1993) and Plint et al. (1993)

argued that tectonic loading played a major role in subsidence and flexure of the
basin floor and hence in the accumulation of sediment adjacent to a thrust belt.

As

discussed earlier, rebounding of the basin floor flexure due to the unloading of the
thrust zone was also partly responsible for the input sediment flux and gravel
fraction supply to the central and distal parts of the basin.

Fluctuations in base-

level (sea-level?) possibly affected the vertical variation of grain size as well, though
these effects are not well known at this stage for the southern Sydney Basin.
Diffusivity of the sediments was mainly controlled by the drainage patterns of the
basin and probably the climate.
The floodplain deposit B (Stanwell Park Claystone) forms the upper part of the
Scarborough depositional system.
deposits.

It is mainly composed of fluvio-floodplain

The floodplain deposit B 1s interpreted to represent a syntectonic fine-

grained deposit indicating the sag phase of the second tectonic cycle in the studied
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succession.

The second tectonic cycle starts with the syntectonic fine-grained

deposits of the floodplain deposit B and its post-tectonic coarse-grained phase can be
seen in the Bulgo depositional complex which is discussed in the next section. The
floodplain deposit B was formed due to intense subsidence of the northern part of
the basin which was related to renewed tectonic activity in the New England Fold
Belt to the north.

The subsidence was produced due to the thrust loading and

concomitant flexure in the basin floor.

The floodplain deposit B indicates the last

major phase of tectonic activity of the New England Magmatic Belt which affected
the Sydney Basin sedimentation pattern.
The Digby braided fluvial deposits in the adjacent Gunnedah Basin (Hamilton,
1991; Tadros, 1993a; Jian & Ward, 1993), like the bed-load fluvial deposit B, rest
on a basin-wide erosional surface and cover a sequence of fluvio-lacustrine and
floodplain deposits (Upper Black Jack Formation; Hamilton, 1991; Tadros, 1993a).
They probably represent the post-tectonic (antitectonic) coarse-grained deposit of this
tectonic cycle.

Thus, it is possible that the Upper Black Jack Formation and Digby

fluvial deposits were produced by the same tectonic activity that produced Wombarra
depositional system and Scarborough Sandstone in the Sydney Basin. It is envisaged
that fluvio-lacustrine deposits of the Napperby Formation (Hamilton, 1991, 1993; Jian
& Ward, 1993) in the Gunnedah Basin formed the syntectonic fine-grained deposits

of the second tectonic cycle.

9.5

BULGO DEPOSITIONAL COMPLEX

The Bulgo depositional complex constitutes a major part of the studied succession.
Up-section, it exhibits changes in depositional style with an increase of fine-grained
units toward the top.

The Bulgo depositional complex starts with a braided fluvial

system in the lower part (see section 3.2.3) which gradually changes to braidplain
deposits (see Chapter 4).

In the upper part it becomes mixed-load fluvial (see
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section 5.3) and finally it terminates with a floodplain deposit (floodplain deposit C;
see section 6.2.3).

The palaeoenvironments of different parts of this complex are

discussed below.

9.5.1 BED-LOAD FLUVIAL DEPOSIT C
The bed-load fluvial deposit C has an erosional contact with the floodplain deposit B
(Stanwell Park Claystone).

This surface is similar to the lower surface of the bed-

load fluvial deposit B but it is not as extensive as the latter surface.

The finer

grained character of the bed-load fluvial deposit C indicates a gentler slope than the
bed-load fluvial deposit B.

The GB architectural element is a common element in

these deposits. It mostly occurs as solitary units with Gm lithofacies. This element
mostly represents longitudinal gravelly bars and to a lesser extent 2 -and 3-D
gravelly dunes deposits. The DLA architectural element constitute the major part of
the bed-load fluvial deposit C.

The DLA elements represent amalgamated large 2-

and 3-D sandy dunes deposited in the channels (Figure 9.8).

In places, the DLA

element produced macro forms (compound bars) up to 8 m in height.

The LS

architectural element is mostly present as plane-bedded sandstone (Sh lithofacies)
deposited above the host bedforms as upper flow regime plane-beds.

Another

architectural element present is the OF (overbank fines) element that is sometimes
interbedded with the SB element.

The SB element forms crevasse splay deposits

encased in the OF element.
Palaeohydrological studies revealed that the bed-load fluvial deposit C was
deposited in relatively deep channels compared to the bed-load fluvial deposits A and
B. The calculated depth for the channels ranges from 2 m to about 8 m.

Channel

width was computed to be from about 160 m to about 600 m. The bed-load fluvial
deposit C was deposited by numerous low sinuosity rivers which covered the alluvial
plain and migrated laterally by eroding the river banks or by avulsion during floods.
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The nvers were flowing toward the south or southwest.

A palaeoenvironmental

reconstruction of the bed-load fluvial deposit C is shown in Figure 9.9.
The bed-load fluvial deposit C is similar to many of the published braided river
deposits (see section 3.2.3).

It is comparable to the South Saskatchewan model of

Miall (1978b).

9.5.2 BRAIDPLAIN DEPOSITS

The braidplain deposits have a gradational contact with the underlying bed-load
flu vial deposit C. The dominant architectural elements in these deposits are SB, LS
and OF.

The SB element is mostly present as low relief planar cross-bedded

sandstone deposited in shallow channels.

The LS architectural element represents

massive to horizontally bedded sandstone deposited in very shallow channels as
longitudinal sandy bars or as upper flow regime plane-beds (Figure 9.10).
and LS elements are normally covered by OF elements.

The SB

The presence of high

discharge deposits at the base of units (LS element) capped with an OF element
indicates initiation and abatement of a flood.

The DLA architectural element

(present as macroforms like sand flats) has not been formed due to the shallow
channels.

The OF architectural element mostly occurs as thin siltstone beds

interbedded with sandstone beds. It forms a coarse-grained overbank deposit.
Palaeohydrological studies shows that the braidplain strata were deposited m
shallow channels ranging from about 1 m to about 3 m in depth.

It is postulated

that the channels responsible for deposition of these strata have been unconfined and
possibly hundreds of metres wide.

However, floodwaters about 3 m deep are

unlikely to cover the whole alluvial plain at once. During flood, active braidplains
probably were confined between semi-stable alluvial banks, but with time crossed the
whole braidplain. Palaeocurrent directions from the braidplain deposits show a wide
range of directions from southeast to southwest indicating that rivers freely swept the
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alluvial plain.

The braidplain deposits were formed on a gentler topographic slope

compared to the bed-load fluvial deposit C. A palaeoenvironmental reconstruction of
the braidplain deposits is shown in Figure 9 .11.

9.5.3 MIXED-LOAD FLUVIAL DEPOSIT B
The mixed-load fluvial deposit B has a gradational contact with the underlying
braidplain deposits.

It is mostly composed of DLA and OF architectural elements.

The OF element often contains SB architectural elements encased in it.

The DLA

element is present as amalgamated planar and trough cross-bedded sandstone (Sp and
St lithofacies) and represents deposits of 2- and 3-D dunes in the channel.

The OF

architectural element and the SB element encased in it were interpreted as floodplain
and crevasse splay deposits (see section 5.3; Figure 9.12).
The mixed-load fluvial deposit B was deposited in channels ranging from about
1.5 m to about 5 m in depth flowing toward the south or southwest.
channel widths range from about 50 m to about 200 m.

Calculated

Channels had well

developed floodplains where crevasse channels and splays periodically encroached.
Size of the channels in the mixed-load fluvial deposit B were comparable to the
mixed-load fluvial deposit A but the former contains finer grained deposits.

It is

postulated that the finer grained nature of the mixed-load fluvial deposit B was due
to the materials available to the river; probably coarse-grained materials were not
present due to the denudation of the source area.

Figure 9 .13 shows the

palaeoenvironmental reconstruction of the mixed-load fluvial deposit B.

9.5.4 FLOODPLAIN DEPOSIT C
The floodplain deposit C constitutes the extra-channel deposits of the mixed-load
fluvial deposit B and equivalent coarse-grained units (see sectieD. 6.2.3). It forms the
uppermost unit of the N arrabeen Group succession as proposed in this study.

The
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floodplain deposit C has a gradational contact with the underlying strata.

It is

mostly composed of vertically accreted strata deposited in a floodplain setting
including numerous reddish-brown superimposed palaeosol horizons which indicate
the area was frequently exposed during deposition.

However, conglomerate and

sandstone, mostly composed of reworked claystone fragments, are present and were
interpreted as subordinate floodplain channels.

The floodplain deposit C was

essentially deposited in a well drained oxidised environment.

However, presence of

laminated grey mudstone with plant fossils in the middle part of the unit in the
Garie North outcrops (see section 6.2.3.2) represent locally developed poorly drained
swamp-like environments in the floodplain setting.

The laminated mudstone has a

limited areal extent and peat mires were not developed.

The floodplain deposit C

was deposited during a time that detrital input to the basin was at its lowest level.
This unit is widely developed in the Sydney Basin and can be recognised in the
southern, central, northern and western parts of the basin.

The wide spatial

development of the floodplain deposit C indicates that both the New England Fold
Belt in the north-northeast and the Lachlan Fold Belt in the west-southwest were
denuded and no high relief areas were present in and probably around the Sydney
Basin. A palaeoenvironment for the floodplain deposit C is shown in Figure 9.14.

9.5.5 DISCUSSION
The smaller gravel fraction and gram size of the Bulgo Sandstone indicate that the
rivers which transported these materials were not as competent as the streams that
carried the Scarborough Sandstone.

From the bottom to the top, the Bulgo

depositional complex exhibits the evolution of a fluvial complex.
relatively large braided river system in the lower part.

It starts with a

This braided river system

was deposited due to an influx of fresh detrital material from the hinterland areas as
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a complex of trunk rivers flowing along the general axial direction of the basin
(Figure 9.9).

The channels were deep enough to allow macroforms (compound bars

and sand flats) to form.

Vertical profiles in the bed-load fluvial deposit C are

comparable with the South Saskatchewan fluvial model as was described by Miall
(1978b; see section 3.2.3.2 for full discussion).
As time passed, the topographic slope of the basin became gentler and the
source areas were also denuded. The equilibrium point of the rivers moved inland,
i.e. northwards.

As a result, thick bodies of fluvial channel deposits started to

change to sheet-like or slightly lenticular thinner sand bodies on an alluvial
braidplain.

Thick sequences of braidplain strata were deposited by interweaving

shallow channels covering most of the basin.

Thick macroforms are often not

present in these deposits, supporting deposition in shallow channels (Figure 9 .10).
The thick sequence of braidplain deposits and the relative vertical uniformity of these
units indicate that tectonic evolution of the hinterlands was steady rather than
intermittent.

The amount of fine-grained materials preserved in the sequence

increases up-section partly due to the intensive weathering of the source area and
also due to the progressively lower slope of the basin.

Presence of limited

intrabasinal conglomeratic units in the braidplain deposits could be related to big
floods.

As the channel banks became more cohesive, the area became covered by a

series of mixed-load rivers incised into the fine-grained deposits.

Preserved

sedimentary structures in this river system indicate that relatively deep trunk channels
were present (Figure 9.12).

The Bulgo depositional complex terminated with

extensive floodplain deposits (Figure 9.14).
The Bulgo depositional complex as a whole represents a slower but more
continuous uplift-erosion on the northern margin of the basin compared to the bedlo~d

fluvial deposit B.

Thick sequence of the Bulgo depositional sequence was

deposited due to the relatively steady rebounding of the basin floor in the northern
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part of the basin. Burnett and Schumm (1983) showed that crustal uplift can change
a river' s gradient, sinuosity pattern, depth and frequency of overbank flooding in
situations where river energy is not too high. Similarly Turner (1992) suggested that
the flexure of the basin floor and thrust loading was mainly responsible for formation
of the different fluvial styles in the South Pyrenees deposits, Spain.
The coarse-grained units of the Bulgo depositional complex are interpreted to
represent post-tectonic deposits of the second tectonic cycle as proposed in this
study.

The second tectonic cycle caused a second phase of thrust loading along the

southern and western margins of the New England Fold Belt.

Basin floor flexure

associated with this tectonic phase produced subsidence in the basin that can now be
seen as the syntectonic deposits of floodplain deposit B and its equivalent units in
the Sydney Basin (see section 9.3.3).

In the later stage of this tectonic phase,

unloading of the thrust belt due to erosion and other processes resulted in flexural
rebounding of the northern portion of the basin floor.

The Bulgo depositional

complex and its equivalents in the Sydney Basin were deposited due to this
rebounding phase in which the proximal part of the basin was uplifted.

The Bulgo

depositional complex and its equivalent units rest on a regional erosional surface at
the base. Therefore, the coarse-grained units of the Bulgo depositional complex and
its

equivalents

represent

post-tectonic

(antitectonic)

coarse-grained

units.

Accumulation of the thick coarse-grained sequence of the Bulgo depositional complex
indicates that the flexural rebounding of the basin floor occurred at a slow rate and
at the same time the central and southern portions of the basin had a slow
subsidence.

The thick sheet sandstones of the middle braidplain deposits, in

particular, formed during this period of slow subsidence.
The floodplain deposit C (Bald Hill Claystone) is the most controversial unit in
the Sydney Basin (see section 6.2.3).

Conolly (1969) and Conolly and Ferm (1971)

interpreted these deposits as interdistributary bay silts and clays.

Goldbery and
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Holland (1973) reported similar deposits in the Blue Mountains area (Wentworth
Falls Claystone Member) and interpreted them as transported lateritic materials
deposited in a piedmont deltaic environment.

Ward (1971a, 1972) considered an

epiclastic origin for these deposits and emphasised that they do not represent in situ
alteration.

Ward (1972) proposed a delta-plain environment for this unit.

Hamilton

et al. ( 1987) and Hamilton and Galloway ( 1989), based on well log studies,

considered a floodplain environment for these deposits which coincides with the
interpretation presented in this study.

Naing (1990, 1993), based on trace fossil

studies, suggested that shallow marme tongues are present within these deposits in
the northern part of the basin.
The floodplain deposit C was deposited in a floodplain setting during a time
that detrital input to the Sydney Basin was at its lowest level.

Several palaeosol

horizons were developed during this time indicating subaerial exposure during a
period of equilibrium in the erosion and sedimentation processes in the area.

The

kaolinite-rich nature of this unit (Loughnan, 1970, Ward, 1971a, 1972; see section
8.3.2; Table 8.3) indicates that kaolinite either was brought into the basin from the
highly denuded and deeply weathered source rocks or it was formed by in situ deep
weathering of the previous rocks.

Deposits of the floodplain deposit C were carried

into the basin by a series of east-southeast flowing meandering or probably
anastomosing rivers.

However, the sedimentation rate was low which allowed

formation of well developed soil horizons. The presence of laminated mudstone with
plant fossils represents locally developed backswamps.

The palaeoenvironment for

the floodplain deposit C is shown in Figure 9.14. As discussed in the next part, the
Garie Claystone Member forms a tuffaceous unit in this area and is composed of ash
fallout and accretionary lapilli. It indicates that volcanic activity occurred during this
time in the New England Fold Belt.

The possibility that the floodplain deposits C

have received ash falls to some degrees, therefore, cannot be ruled out.

Relict
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volcanic texture was reported to be present m the Bald Hill Claystone (Conolly,
1969; Conolly & Ferm, 1971; Loughnan, 1970).

Goldbery and Holland reported

volcanic relicts in the equivalent stratigraphic unit (Wentworth Fall Claystone) in the
Blue Mountains area as well. It is possible that at least a part of the hematite in the
floodplain deposit C was related to the alteration of the iron-bearing minerals of
volcanic origin and also part of the kaolinite may come from the devitrification of
ash fallout. However, further studies need to be done to solve this problem.
As mentioned in sections 9.2.4 and 9.3.3, the floodplain deposits A and B were
considered to represent syntectonic deposits.
a different stratigraphic position.

However, the floodplain deposit C has

Both floodplain deposit A and B were deposited

due to the extensive subsidence of basin resulting from thrust loading in the New
England Fold Belt and, therefore,
tectonic cycles.

repr~sent

basal syntectonic deposits of the two

Both of the floodplain deposits A and B are also covered by

antitectonic braided fluvial deposits (bed-load fluvial deposits B and C) overlying
widespread erosional surfaces.

The overlying fluvial deposits mostly emanated from

the New England Magmatic Belt (Ward, 1971a, 1972).

However, the floodplain

deposit C shows a different character. The floodplain deposit C was deposited at the
end of the second tectonic cycle. It is not covered by braided fluvial deposits but is
covered by floodplain and lagoonal deposits.

Furthermore, the braided fluvial

deposits of the Hawkesbury Sandstone that overlie the lagoonal deposits have their
source in the Lachlan Fold Belt (craton), not the New England Magmatic Belt
(Ward, 1971a; Herbert, 1980a; Conaghan, 1980; Jones & Rust, 1983; Rust & Jones,
1987).

Unlike the floodplain deposits A and B, the floodplain deposit C is

considered to represent a post-tectonic fine-grained unit. It was deposited during the
period of lowest detrital input into the basin. The highly altered materials (mostly in
form of clay minerals) emanated from the denuded New England Fold Belt and
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Lachlan Fold Belt and were periodically transported into the basin mostly by
meandering rivers.
In the adjacent Gunnedah Basin, the lower fluvial facies of the Deriah
Formation (Hamilton, 1991 , 1993; Jian & Ward, 1993) possibly represents the posttectonic (antitectonic) deposits of the second tectonic cycle.

The upper part of the

Deriah Formation is composed of floodplain and associated deposits and possibly,
like the floodplain deposit C, can be considered as post-tectonic floodplain deposits.

9.6

NEWPORT DEPOSITIONAL SYSTEM

The Newport depositional system forms the uppermost unit examined in this study.
In the past, it was considered to be a part of the Narrabeen Group. However, in this
study it was revealed that it forms the lower part of the overlying depositional
sequence; the Hawkesbury depositional sequence (see section 9.2).

The Newport

depositional system includes the Garie Claystone Member and lagoonal deposits of
the Newport Formation.

9.6.1 GARIE CLA YSTONE MEMBER
The Garie Claystone Member is the thickest and most extensive preserved tuffaceous
unit in the studied succession (see section 7.2 for full discussion).

It rests with a

sharp contact on a well developed palaeosol horizon pertaining to the floodplain
deposit C.

This unit is composed of ash fall materials, including accretionary lapilli

and reworked ash.

The Garie Claystone Member is present in the central, southern

and western parts of the Sydney Basin where it shows a relatively uniform thickness.
The thickness of the Garie Claystone Member mcreases toward the north and
northeast.

It is postulated that this unit was deposited by ash fallout which

originated from volcanoes located to the north or northeast in the New England
Magmatic Belt.
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Bogaard and Schmincke ( 1985) discussed that sub-aerial fall deposits are more
susceptible to be eroded and redistributed, while fallout deposited in lakes or swamps
are well preserved and more appropriate for correlation purposes.

The brecciated

claystone units in the Garie Claystone Member represent reworked tuffaceous
materials. Some of the clasts in the brecciated units have accretionary lapilli within
them. The Garie Claystone Member was deposited above a well developed palaeosol
horizon (top of the floodplain deposit C).

The presence of a distinctive layer of

accumulated accretionary lapilli at the top of this unit was interpreted to represent
sheetwash deposits (B.G Jones and P.F. Carr, personal communication).

Similar

layers can be present at the top of ground-hugging ash cloud surges as well, but the
distinctive layer of accretionary lapilli at the top of the Garie Claystone Member is
widespread and far from the original volcanoes, therefore, surges were unlikely to be
present in the studied area.

Normal grading in some units in the Garie Claystone

Member (Bunny & Herbert, 1971) also support deposition from ash fall.

Goldbery

and Holland (1973) reported that at Putty, the Garie Claystone Member is overlain
by 6 m of red beds.

This indicates that in places the volcanic ash fell on a

continental setting and the sheetwash layer at the top of the Garie Claystone Member
was not developed.
Abundant authigenic siderite in the Garie Claystone Member indicates a low pH
environment which is quite different to the oxidising conditions of the underlying
Bald Hill Claystone.
The interpretation proposed in this study for the Garie Claystone Member is in
complete contrast with the interpretation suggested by the previous workers, as was
discussed in section 7 .2.2.

In the past it was considered that this unit was formed

by the epiclastic processes whereas this study revealed that the Garie Claystone
Member represent an ashfall unit.
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9.6.2 LAGOONAL DEPOSITS

The lagoonal deposits have a sharp contact with the tuffaceous and floodplain
deposits; in places the upper part of the tuffaceous unit is reworked by the weak
currents of the lagoon and formed a sheetwash layer.

The lagoonal deposits form

the main part of the Newport depositional system and are mostly composed of
laminated mudstone,

highly carbonaceous mudstone,

laminated sandstone and few conglomeratic units.

symmetrical ripple cross-

It also locally contains plant and

trace fossils (see section 7.3.2 for lithofacies).
Recorded sedimentary structures indicate that most of the sandstone and
mudstone were deposited in a calm environment (see section 7.3.2).

The

symmetrical ripple marks indicate that a body of water with imperceptible currents
was present at least periodically.

Highly carbonaceous mudstone and locally

abundant plant fossils indicate that plant communities were present. The presence of
burrows indicates a wet environment.

However, the presence of mudcracks and

synaeresis cracks shows that the area periodically dried out.

The low boron content

of these deposits (<50 ppm; Table 8.7) and lack of evaporitic minerals in the dried
out layers suggest a freshwater environment.

Conglomeratic units and planar cross-

bedded sandstone are locally present in these deposits indicating that unidirectional
currents were periodically active during influx of storm and flood waters into the
sedimentary environment.

A palaeoenvironment for this unit is shown in Figure

9.15.

9.6.3 DISCUSSION

At the end of the N arrabeen depositional sequence (during deposition of the
floodplain deposit C), the detrital input to the basin was at its lowest level.

During

this period, superimposed palaeosols were formed in the southern, central and
western parts of the Sydney Basin.

However, greater subsidence of the basin at the
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end of this phase produced low lying areas m most parts of the basin.

In the

northern part limited marine incursions occurred (Naing, 1990, 1993; Herbert, 1993a,

.
b) into the equivalent deposits of the Newport depositional system (Terrigal
Formation).

In the southern part of the basin lagoonal environments developed in

the low lying areas.

Trace element analysis shows that the boron content of these

deposits is low and indicates a fresh water deposit.

Broadleaf plant fossil

assemblages in the Newport Formation also indicate a fresh water environment
(Retallack, 1980).

Therefore, it is postulated that most of the Newport depositional

system in the southern part of the Sydney Basin was deposited in fresh water lake
and swampy environments.
The Newport depositional system starts with the Garie Claystone Member.

As

mentioned earlier, all previous interpretations were based on considering this unit as
detrital material, whereas this study revealed that this unit is composed of tuffaceous
materials with accretionary lapilli.
The Newport depositional system continues with a sequence of strata deposited
in a lagoonal to lacustrine environment. It is postulated that in the southern part of
the basin, the water in the lagoon (lake) was mostly derived from floods associated
with the northeastward progradation of the Hawkesbury depositional system.

The

lagoonal environment provided a good place for animals to live; the presence of
trace fossils in these deposits indicates the presence of animal communities. Naing's
(1990, 1993) trace fossil studies in the northern part of the Sydney Basin indicates
that the equivalent deposits in northern part (Terrigal Formation) were deposited in a
lagoonal environment with four periods of marine influence.

Herbert (1993a,b) also

proposed a marine influenced environment for the Terrigal Formation in the northern
part of the basin.

However, in the southern part of the basin, at some stages water

input to the lagoon was low; the presence of mudcracks and synaeresis cracks
indicates that at some stages the area was dried out in places.

During floods, the
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sand lobes from the Hawkesbury channel(s) extended into the lagoonal environment
and deposited quartzitic tongues in poorly developed deltas.

As the Hawkesbury

fluvial deposit prograded north and northeastward, the lagoonal deposition was
terminated and fluvial deposits were laid down above the Newport depositional
system.
The subsidence needed for deposition of the Newport depositional system is
postulated to be related to the compaction of the underlying strata.

In foreland

basins with asymmetric shapes, maximum subsidence from compaction will be in
I

areas closer to the thrust belt where thickest sequences are present. The presence of
marine tongues in the equivalent unit in the northern part of Sydney Basin (Terrigal
Formation; Naing, 1990, 1993; Herbert, 1993a) is interpreted to be related to this
compaction of the underlying sequence.

9.7

SEQUENCE STRATIGRAPHY OF TERRESTRIALLY FILLED BASINS

9.7.1 INTRODUCTION
As was discussed in the previous chapters, the N arrabeen depositional sequence is
essentially composed of terrestrial deposits,

therefore,

in terms

of sequence

stratigraphy, it appears to be difficult to conciliate the studied sequence to the Vailtype sequences (Vail et al., 1977). Eustasy probably only had a minor influence on
the formation of this sequence (particularly in the southern part of the basin)
compared to the influence of tectonic activity, flexure of basin floor, climate and
sediment supply. Thus, base level changes due to the compaction of the underlying
coal bearing sequence, and more importantly, subsidence of the basin had important
impacts on the sediment accumulation patterns. Subsidence was mainly produced by
the flexure of the basin floor due to the thrust loading.

Thus the amount of

subsidence was greater in the northern part of the basin where it was closer to the
thrust fold belt.

234
9.7.2 PRESENT MODELS
Sequence stratigraphy was principally developed for marine deposits (see section 2.6),
however, numerous authors have tried to use this concept on terrestrially filled basins
as well (e.g. Hanneman & Wideman, 1991; Aigner & Batchman, 1992; Aitken &
Flint, 1993; Posamentier & Allen, 1993; Brake! et al., 1993).

The existing models

for flu vial deposits are reviewed below.
Posamentier and Vail (1988) developed a model for non-marme (fluvial)
sequences. Based on this model two kinds of fluvial sequences may develop relative
to sea level changes and were termed sequence type-1 and sequence type-2.
Sequence type-1 deposits are bounded by a type-1 sequence boundary at the base
whereas sequence type-2 deposits are bounded by a type-2 sequence boundary at the
base (see section 2.6 for definition of type-1 and type-2 sequence boundaries).

In

both type-1 and type-2 sequences the upper boundary could be either a type-1 or a
type-2 sequence boundary.

The main difference between these sequences is that in

type-1 sequences, a low stand systems tract exists at the base of the sequence,
whereas in type-2 a shelf margin systems tract is present instead.

However, there

are some flaws in this model as was discussed by Miall (1991a) particularly m
regard to movement of the equilibrium profile during sea level changes.
Wright and Marriott (1993) developed a model that describes how fluvial
systems react to sea level changes. Three depositional systems tracts were defined in
this model, namely lowstand systems tract (LST), transgressive systems tract (TST)
and highstand systems tract (HST).

During rapid sea level fall, a lowstand systems

tract (LST) with a type-1 sequence boundary (channel incision) will occur with
valley formation and well drained soils developing on terraces.

If sea level fall is

gentle, the sequence will be bounded by a type-2 sequence boundary, little if any
channel incision will occur and the channel may resume or retain a meandering
form due to gentle slope. In a transgressive systems tract (TST), floodplain deposits
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will mostly develop and possibly hydromorphic soils will form.

The highstand

systems tract (HST) is characterised by reworking of the previously deposited
sediments by rivers.
Shanley and McCabe (1994) and Boyd and Diessel (1994) also discussed the
application of sequence stratigraphy to non-marine environments, including fluvial
deposits which are similar to the above mentioned models.

9.7.3 NEW SYSTEMS TRACT NOMENCLATURE
Here an attempt is made to define new terms that reconcile fluvial successions with
sequence stratigraphy and can be used for terrestrially filled basins, in particular
foreland basins. Lang and Fielding (1993) in their study of the Bulgeri Formation in
Queensland used three new terms; Syntectonic Transgressive Systems Tract (STST),
Syntectonic Regressive Systems Tract (SRST) and Post-tectonic Regressive Systems
Tract (PRST) which appear to convey a similar concept.

However, here the concept

is developed and a different approach is applied to define the new terms.
· As was discussed in this chapter, recent studies have shown that development
of most foreland basins is mainly controlled by thrust loading and concomitant
flexure of basin floor (e.g. Jordan, 1981; Hagen et al., 1985; Heller et al., 1988;
Paola et al., 1992; Heller & Paola, 1992; Butler & Grasso, 1993; Plint et al., 1993).
During periods of high tectonic activity principally fine-grained deposits will fill the
basin whereas in the calm tectonic periods isostatic rebound of the proximal part of
the basin will cause coarse-grained deposits to extend over most of the basin.

Two

factors are considered in introducing these new terms; the role of tectonism and the
mode of deposition.

Syntectonic strata are produced during periods of tectonic

activity and post-tectonic strata formed in quiescent tectonic periods.

The other

factor is the mechanism of sediment accumulation; two dominant mechanisms are
present aggradational and progradational.

Using these two concepts four new terms
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are

defined:

Syntectonic

Aggradational

Systems

Tract

(SAST);

Syntectonic

Progradational Systems Tract (SPST); Post-tectonic Progradational Systems Tract
(PPST) and Post-tectonic Aggradational Systems Tract (PAST).

Although the new

terms are defined for foreland basins, they have potential to be used in other
sedimentary (especially fault-bounded) basins as well.

Syntectonic Aggradational Systems Tract (SAST)
Thrust loading in foreland basins occurs during periods of high tectonic activity and
is accompanied by extensive downward flexure of the basin floor (Heller et al.,
1988; Paola, 1988; Paola et al., 1992; Heller and Paola, 1992).

During this time,

coarse-grained materials will accumulate in the proximal downwarp but most of the
basin will be filled by fine-grained deposits.

In the terrestrially filled basins (like

foreland basins) these fine-grained deposits are dominantly composed of floodplain
and lacustrine deposits.

Locally low to moderate sinuosity rivers may develop and

produce ribbon-like sandstone bodies encased in fine-grained deposits.

Sheet-like

braided fluvial deposits are generally absent, however locally developed braided
rivers may be present in the distal parts of the basin due to reworking of the
forebulged part of basin.

If conditions are correct, coal measures may form during

this phase. The basin receives most of the sediment from the surrounding hinterland
areas, particularly from the magmatic belt. In the proximal part of the basin where
subsidence is highest, restricted marine incursions may develop.

In the low lying

areas with a high water table waterlogged soils will form whereas in topographically
higher areas, where the rate of sedimentation is slow, well drained soils develop.
Deposition in this systems tract is dominated by aggradational processes.

As these

deposits formed during periods of high tectonic activity in the basin they are termed
Syntectonic Aggradational Systems Tract (SAST).

The SAST normally forms a

major part of the stratigraphic record in foreland basins.
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Syntectonic Progradational Systems Tract (SPST)
During thrust loading in the proximal part of foreland basins, wedges of coarsegrained sediments will accumulate adjacent to the thrust front (Heller et al., 1988;
Paola, 1988; DeCelles et al., 1991; Paola et al., 1992; Heller & Paola, 1992; Plint et

al., 1993).

The coarse-grained units are derived from the magmatic belt and grade

rapidly into fine-grained units that cover most of the basin.

They are mostly

deposited as alluvial fans adjacent to the thrust belt and to a lesser extent as braided
fluvial deposits farther into the basin.

The coarse-grained wedges in the proximal

part of the foreland basin form by progradation of the sediments toward the central
parts of the basin and as they form during periods of tectonic activity along the
thrust belt, the term Syntectonic Progradational Systems Tract (SPST) is proposed for
them. The SPST generally has a time-transgressive (diachronous) boundary with the
SAST.

Post-tectonic Progradational Systems Tract (PPST)
Flexure of basin floor in foreland basins is intimately related to the thrust loading.
Removal of the thrust load by erosion and other processes will result in flexural
rebounding in the basin (Heller et al., 1988; Paola et al., 1992; Heller & Paola.,
1992).

As a result, proximal parts of the foreland basin, along with the thrust belt,

will be reworked and redeposited into the distal part of the basin.

Coarse-grained

deposits will prograde into the basin over a regionally extensive erosional surface.
Since the coarse-grained deposits are distributed during a period of decreased basin
subsidence and tectonic activity, they are, therefore, not syntectonic but post-tectonic
or antitectonic (using the terminology of Heller & Paola, 1992).

For example,

Gordon and Heller ( 1993) reported that gravel pro gradation in the Pine Valley basin,
Nevada, a fault-bounded half graben, occurred during a period of reduced tectonic
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activity (antitectonic).

The post-tectonic progradational systems tract (PPST) will

normally produce widespread sheet-like fluvial deposits in the foreland basins.

Post-tectonic Aggradational Systems Tract (PAST)
It appears that post-tectonic aggradational deposits volumetrically form a minor part
of the stratigraphic record in foreland basins.

Most of the fine-grained strata are

formed as syntectonic aggradational systems tracts (SAST) as was discussed above.
However, some of the aggradationally deposited fine-grained deposits seem to be
post-tectonic in origin.

For example, in the last tectonic cycle of a given foreland

basin, there will be a SAST at the base of the cycle followed by a PPST which will
then be covered by fine-grained deposits.

These latter fine-grained deposits do not

form the base of a new tectonic cycle but they will form due to transportation of the
fine-grained materials from the remains of the uplifted areas formed during last
tectonic cycle.

These sequences are termed Post-tectonic Aggradational Systems

Tracts (PAST).

9.7.4 INTERPRETATION OF THE STUDIED SUCCESSION BASED ON
SEQUENCE STRATIGRAPHY
The

Wombarra

depositional

system

was

deposited

due

to

an

mcrease

of

accommodation space which was partly related to compaction of the underlying coal
bearing sequence but mainly due to subsidence of the basin.

Basin subsidence was

principally controlled by loading of the thrust belt and associated flexure of the basin
floor (increasing subsidence) and unloading of the thrust belt and rebounding of the
basin floor (decreasing subsidence and causing uplift).

The maximum amount of

basin subsidence was in the northern part of the basin where it was close to the
thrust belt whereas towards the central and southern part of the basin the amount of
subsidence decreased.

In the southern Sydney Basin, supply of detrital materials
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could not keep pace with the increasing accommodation space and this resulted in
the inundation of the region by a shallow lacustrine environment which was followed
by the progradation of mixed-load fluvial and associated floodplain deposits.

The

Wombarra depositional system was considered to be a high stand systems tract
(HST) in the sequence stratigraphic terminology used by Arditto (1991).
The W ombarra depositional system was deposited during the syntectonic
subsidence associated with the first tectonic cycle in the studied succession.

In this

study, the W ombarra depositional system is considered to form a Syntectonic
Aggradational Systems Tract (SAST) as was defined above.

In the northern part of

the Sydney Basin marine incursions were reported (Herbert, 1993a, b) in the
equivalent deposits (Dooralong Shale).

However, in the southern part of the basin

the Wombarra depositional system is mostly composed of floodplain and shallow
lacustrine strata and, to a lesser extent, fluvial deposits.

The presence of palaeosol

horizons in these deposits indicates periods of slow sedimentation.
Restricted development of alluvial fans adjacent to the thrust belt (Munmorah
Conglomerate) is postulated to represent the syntectonic progradational systems tract
(SPST) of the first tectonic cycle.

Uren (1980) noted that the Munmorah

Conglomerate-Dooralong Shale boundary is diachronous.

This supports the notion

that the Munmorah Conglomerate represents a SPST belonging to the same tectonic
cycle that produced the SAST of the W ombarra depositional system and its
equivalents, the Dooralong Shale in northern and Caley Subgroup in western parts of
the basin.

Fielding et al. (1993) reported that the Rangal Coal Measures in Bowen

Basin (equivalent to the lllawarra Coal Measure in Sydney Basin) was deposited
during active thrust loading and rapidly subsiding conditions. It is postulated that the
Rangal Coal Measures, like the upper lllawarra Coal Measures and Wombarra
depositional system, generally represent a syntectonic aggradational systems tract
(SAST).
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In the later stage of the first tectonic cycle, erosion of the thrust belt resulted
m uplifting of the proximal parts of the Sydney and Gunnedah Basins.

A basin-

wide erosional surface developed in the Sydney Basin which was covered by braided
fluvial deposits (bed-load fluvial deposit B in the southern and central parts and
Munmorah Conglomerate in the northern parts of the basin). Erosion of the uplifted
proximal parts of the Sydney and Gunnedah Basins acted as the source for
deposition of the bed-load fluvial deposit B.

Conaghan et al. (1982, figure, 4)

suggested an axial trunk river system operated along the western part of the basin
I

during Narrabeen Group sedimentation.

It is postulated that this river system was

probably connected to the Gunnedah Basin and, therefore, part of the sediment
forming the bed-load fluvial deposit B and Bulgo depositional complex was brought
from the equivalent unit in the contiguous Gunnedah Basin.
The base of the bed-load fluvial deposit B (Scarborough Sandstone), exhibits a
type-1 sequence boundary and the bed-load fluvial deposit B itself possibly shows
the characteristics of a lowstand systems tract (LST) in the sequence stratigraphy
terminology.

Based on the model presented above, the bed-load fluvial deposit B

and its equivalents in the Sydney Basin (Burra-Moko Head Sandstone in the western
part and upper part of Munmorah Conglomerate in the northern part) represent a
post-tectonic progradational systems tract (PPST).

The bed-load fluvial deposit B

and its equivalents were deposited during a period of quiescent tectonic activity in
the New England Fold Belt.
An increase in accommodation space and decrease in sediment supply occurred

at the time of floodplain deposit B (Stanwell Park Claystone).

Increase in

accommodation space was due to the downward flexure of the basin floor related to
the thrust loading on the northern margin of the basin.
second tectonic cycle.

It marks the base of the

During this time, the fluvial system became sluggish and

floodplain and interchannel deposits dominated (Stanwell Park Claystone in southern
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part, Mount York Claystone in the western part and Tuggerah and Patonga Claystone
in the northern part of the basin).

This period can possibly be compared to a high

stand systems tract (HST) in the sequence stratigraphy concept. Based on the model
presented in this study, the floodplain deposit B and its equivalents in the Sydney
Basin form a syntectonic aggradational systems tract (SAST) as was defined above.
Another important base level fall occurred at the start of deposition of the
Bulgo depositional complex and is also marked by an erosional surface and bed-load
fluvial deposits.

The bed-load fluvial deposit C and its equivalents (Banks Wall

Sandstone in the western part and braided river deposits in the lower part of the
Terrigal Formation in the northern part of the basin) were deposited during this time.
Erosion of the thrust belt resulted in flexural rebounding of the basin floor which, in
tum, caused progradation of coarse-grained materials into the basin.

Up-section, the

Bulgo depositional complex shows a gradual increase in accommodation space and
decrease in sediment supply.

The braided river system in the lower part of the

complex gradually changed to the braidplain system in the middle part and then the
mixed-load fluvial system and floodplain deposits in the upper part.

A maximum

accommodation space and minimum sediment input occurred at the time of
deposition of the floodplain deposit C (Bald Hill Claystone) which marks end of the
Narrabeen depositional sequence.
In terms of sequence stratigraphy, the Bulgo depositional complex starts with a
low stand systems tract (LST) and terminates with a relative high stand systems tract
(HST). Based on the model presented in this study, the Bulgo depositional complex
and its equivalents in the Sydney Basin represent a post-tectonic progradational
systems tract (PPST) followed by a post-tectonic aggradational systems tract (PAST).
Blair and Bilodeau (1988), Heller et al. (1988) and Paola et al. (1988) argued that,
during periods of tectonic quiescence, a reduction in basin subsidence might be
expected which would allow progradation of coarse-grained materials farther into the
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basin.

It is envisaged that the Bulgo depositional complex was deposited during

such a period of tectonic quiescence and it shows an antitectonic succession.
However, the Bulgo depositional complex represents a succession with different
sedimentological styles.

The middle braidplain deposits, in particular, are composed

of a thick sequence of thin sheet-like sandstone units that have been deposited during
a period of slow subsidence.

The Bulgo depositional complex terminates with

mixed-load fluvial deposit B and floodplain deposit C.
The stratigraphic position of the floodplain deposit C is different to the
I

floodplain deposits A and B. The two latter fine-grained units (floodplain deposits A
and B) were deposited at the start of two tectonic cycles and were considered as
syntectonic aggradational systems tract (SAST) successions. However, the floodplain
deposit C does not occur at the base of a tectonic cycle and it appears to have a
different origin.

It is postulated that the subsidence phase that produced floodplain

deposit C was related to the compaction of the underlying sequence rather that
subsidence due to the thrust loading.

The presence of marine tongues in the

equivalent unit in the northern part of the basin (Naing, 1990, 1993; Herbert, 1993a)
indicates that subsidence rate was greater in that area. The Sydney Basin exhibits an
asymmetric basin filling pattern in which sequences are much thicker in the northern
part where it was closer to the thrust belt.

Greater subsidence in northern part was

possibly related to the thickness of the sequence.

The floodplain deposit C was

deposited at the end of a tectonic cycle mostly by vertical accumulation of finegrained deposits emanating from the highly altered and denudated source areas both
to the north and west.

This unit and its equivalents are considered to represent a

post-tectonic aggradational systems tract (PAST)
The Garie Claystone Member forms basal part of the Newport depositional
system. It is a widely developed tuffaceous unit in the central, western and southern
parts of the basin.

The Garie Claystone Member was formed due to volcanic
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activity in the New England Fold Belt.

The Newport depositional system forms the

basal unit of the Hawkesbury depositional sequence.

It was developed as the

accommodation space increased and sediment input into the basin decreased.

As a

result, the southern and central parts of the basin were inundated by a shallow
freshwater lake environment.

Tongues of the Hawkesbury Sandstone within the

Newport Formation indicate intervals of high sediment supply which occurred as
locally developed deltas extending into the lake environment during big flood events.
However, in the northern part of the basin, where subsidence was higher, marine
influenced lagoonal environments developed.

As mentioned for the floodplain

deposit C (section 9.5.5), subsidence was caused by compaction of the underlying
sequence.
In terms of sequence stratigraphy, the Newport Formation and its equivalent
can be considered as a highstand systems tract (HST).

Like floodplain deposit C,

the Newport Formation was formed at the end of a tectonic cycle and is considered
to represent a post-tectonic aggradational systems tract (PAST).
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CHAPTER TEN
SUMMARY AND CONCLUSIONS

10.1 INTRODUCTION
This thesis has used a synthesis of outcrop, borehole and laboratory data together with
the results of an extensive and detailed literature review to study the strata of the Late
Permian to Middle Triassic Narrabeen Group succession (above the Bulli Coal and under
the Hawkesbury Sandstone) in the southern Sydney Basin, Australia. In this study, the
Narrabeen Group succession was examined based on genetic relationships between the
strata.

This study has successfully applied the sequence stratigraphic concept to the

terrestrially-filled basin strata. These concepts helped to define depositional sequences
and depositional systems and to unravel the stratigraphic problems of the studied
succession.
Development of the Narrabeen Group strata in the southern Sydney Basin also was
examined on the basis of recently developed models for foreland basins and was then
compared with the rest of the basin and to the contiguous Gunnedah and Bowen Basins.
Two major sources were present at the time of Narrabeen Group sedimentation.
The New England Fold Belt to the north-northeast provided volcano-lithic and quartz
grains particularly to the lower part of the studied succession. The Lachlan Fold Belt
in the west, northwest and southwest provided detrital quartz to the basin. The amount
of quartz increases moving up the stratigraphic section which was related to an
anticlockwise rotation of the palaeocurrents, which increased the contribution of Lachlan
Fold Belt derived sediments up-section.
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10.2 RECOGNISED DEPOSITIONAL SEQUENCES
Three depositional sequences are recognised: the Illawarra depositional sequence;
Narrabeen depositional sequence and Hawkesbury depositional sequence. Most of the
studied succession belongs to the Narrabeen depositional sequence, however, the
lowermost and uppermost depositional systems in the studied strata belong to the
Illawarra and Hawkesbury depositional sequences respectively. The basin-wide erosional
surface at the base of the bed-load fluvial deposit B (Scarborough Sandstone) forms the
basal boundary of the Narrabeen depositional sequence and the upper boundary of the
Illawarra depositional sequence. The upper boundary of the Narrabeen Group sequence
is considered to be the hiatal surface at the top of the floodplain deposit C (Bald Hill
Claystone).

This surface marks the lower boundary of the overlying Hawkesbury

depositional sequence.

10.3 RECOGNISED DEPOSITIONAL SYSTEMS
Detailed outcrop and core studies were used to delineate the depositional systems
responsible for infilling the southern part of the Sydney Basin.

Each depositional

system was described and interpreted based on facies analysis, bounding surfaces and
architectural elements concepts (where applicable), detailed lithofacies analysis and
palaeohydrological studies.

Recognised depositional system are summarised in an

ascending stratigraphic order.

10.3.1

WOMBARRA DEPOSITIONAL SYSTEM

The Wombarra depositional system forms the lowermost depositional system studied.
It includes the mixed-load fluvial deposit A (Coal Cliff Sandstone Member), floodplain
deposit A (Wombarra Shale) and bed-load fluvial deposit A (Otford Sandstone Member).
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Mixed-load Fluvial Deposit A
Three lithofacies assemblages and ten lithofacies were recognised. The conglomeratic
lithofacies assemblage is composed of massive to crudely-bedded conglomerate (Gm),
ironstone clast stringer (Gis), massive intraforrnational conglomerate (Git) and scour and
fill conglomerate.

The sandstone facies assemblage includes the planar and trough

cross-bedded sandstone (Sp & St), ripple cross-laminated sandstone and plane-bedded
sandstone (Sh).

The fine-grained facies assemblage is composed of laminated and

massive mudstone (Fm & Fl) and ironstone bands (Fib).
Concept of hierarchy of bounding surfaces and architectural elements were used
for detailed sedimentological study of this unit.

Six ranks of hierarchical bounding

surfaces and five architectural elements were recognised.

Recognised architectural

elements are gravelly bedform element (GB), downstream to lateral accretion element
(DLA), lateral accretion element (LA), sandy bedforrns (SB) and overbank fine (OF).
The mixed-load fluvial deposit A was deposited in channels between 1.5 to 7 m
deep and about 100 m to 250 m wide. It was flowing towards the south and carried
mixture of fine-grained and coarse-grained materials in low to moderate sinuosity rivers.

Bed-load Fluvial Deposit A
Three facies assemblages and ten lithofacies were recognised.

Conglomerate facies

assemblage includes massive and crudely-bedded conglomerate (Gm) which occurs as
solitary and coalesced units; matrix supported conglomerate (Gms); planar cross-bedded
conglomerate (Gp); and lag deposit conglomerate (Gld).

Sandstone lithofacies

assemblage includes the Sp, Sm, Sh and Sr lithofacies. Fine-grained facies assemblage
includes the Fl and Fm lithofacies.
Like the mixed-load fluvial deposit A, six ranks of hierarchical bounding surfaces
were recognised. Recorded architectural elements are: channel elements (CH); gravelly
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bedform element (GB); downstream to lateral accretion element (DLA); laminated sand
sheets element (LS); sandy bedform elements (SB); and overbank fines element (OF).
The bed-load fluvial deposit A was deposited in channels ranging in depth from
about 1 m to 3 m and ranging in width from about 70 m to 250 m, flowing mostly
towards the south or southwest.

Floodplain Deposit A
The floodplain deposit A forms the extra-channel deposits of the mixed-load fluvial
deposit A and the bed-load fluvial deposit A.

Recorded lithofacies in this unit are;

ripple cross-laminated, plane-bedded and massive sandstones (Sr, Sh &

Sm),

carbonaceous mudstone (C), laminated and massive mudstone (Fl & Fm), ironstone
bands (Fib) and palaeosol horizons (P). The floodplain deposit A is mostly composed
of floodplain, inter-channel lake and crevasse splay deposits. Peat mires were locally
developed in the central part of the basin and the presence of several palaeosol horizons
in the studied boreholes indicate frequent subaerial exposures of the region in western
part. Boron content of the fine-grained deposits and elemental and isotope composition
of the siderite bands and grains in these deposits indicate a freshwater environment for
the floodplain deposit A.

10.3.2

SCARBOROUGH DEPOSITIONAL SYSTEM

The Scarborough depositional system forms the lowermost depositional system of the
Narrabeen depositional sequence as defined in this study.

It includes the bed-load

flu vial deposit B (Scarborough Sandstone) and the floodplain deposit B (Stanwell Park
Claystone). It overlies a widespread regional erosional surface.
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Bed-load Fluvial deposit B

The bed-load fluvial deposit B is the coarsest grained unit in the studied succession; it
is informally subdivided into lower and upper parts. The upper part is coarser grained
than the lower part. Three facies assemblages and 12 lithofacies were recognised. The
conglomerate facies assemblage includes the Gm, Gros, Gp, Gt, Ge and Gld lithofacies.
The sandstone facies assemblage includes the St, Sp, Sh and Sr lithofacies. The finegrained facies assemblage is composed of two lithofacies; the Fl and Fm. Recorded
I

architectural elements in this unit are: CH; GB; DLA; SB; and OF.
The bed-load fluvial deposit B was deposited in channels from 1.5 m to 4.7 m
deep and 110 m to 390 m wide flowing toward the south and southwest. It represent
a low sinuosity braided river fluvial deposits.

Floodplain Deposit B

The floodplain deposit B constitutes extra-channel deposits of the Scarborough
depositional system including proximal and distal floodplain deposits and crevasse
channel and splay strata.

This unit is mostly composed of laminated and massive

mudstone (Fl & Fm) and to a lesser extent Gm, Sm, Sh, Sr and P lithofacies.

The

floodplain deposit B represent a better drained floodplain setting compared to the
floodplain deposit A; it lacks highly carbonaceous mudstone, indicative of reducing
conditions, but light red and purple deposits are common and are suggestive of oxidising
conditions.

10.3.3

BULGO DEPOSITIONAL COMPLEX

The Bulgo depositional complex constitutes a major part of the studied succession. This
complex shows the evolution of the fluvial system from a bed-load fluvial system with
relatively deep channels in the lower part to braidplain deposits formed in shallow
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channels in the middle part and mixed-load fluvial and floodplain deposits in the upper
part.

Bed-load Fluvial Deposit C
Lithofacies of the bed-load fluvial deposit C is similar to the bed-load fluvial deposits
A and B. In general, it is coarser grained than bed-load fluvial deposit A and finer
grained compared to the bed-load fluvial deposit B. The bed-load fluvial deposit B is
composed of conglomerate facies assemblage including Gm, Gms, Gt, Gp and Gld
lithofacies; sandstone facies assemblage including St, Sp, Sh, Sm, Sr and Se lithofacies;
and fine-grained facies assemblage including Fl and Fm lithofacies.

Recognised

architectural elements are CH, GB, DLA, SB, LS and OF.
The bed-load fluvial deposit C was deposited in channels from 2 m to 7.6 m deep
which marks deepest braided river channels in the Narrabeen Group succession. The
width the channels was calculated to be from 150 m to 660 m.

Braidplain Deposits
The bed-load fluvial deposit C gradually change to braidplain deposits up-section due
to the gentler slope.

The braidplain deposit is composed of conglomerate facies

assemblage with Gms and Gld lithofacies; sandstone lithofacies with Sp, St, Sh, Sm and
heterolithic low angle cross-bedded sandstone (Slh); and fine-grained facies assemblage
including Fl and Fm lithofacies. The latter facies assemblage is mostly composed of
siltstone and massive mudstone and claystone (Fm) are not common. The braidplain
deposits are mainly composed of LS and SB architectural elements, but DLA and OF
architectural elements are also present.
The braidplain deposits were formed in unconfined channels, ranging in depth from
1 m to 3 m, that freely swept the alluvial plain.
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Mixed-load Fluvial Deposit B

The amount of fine-grained materials in the Bulgo depositional complex increases upsection forming a mixed-load fluvial deposit in upper part. Recorded lithofacies in the
mixed-load fluvial deposits are St, Sp, Sh, Sr, Fl.

Despite the river competency,

conglomeratic units are not present due to lack of availability of the gravel size
materials to the streams. The mixed-load fluvial deposit B is mostly composed of DLA,
SB and OF architectural elements.
The mixed-load fluvial deposit B was laid down in channels from 1.5 m to 4.7 m
deep and about 50 m to 250 m width that were generally flowing toward the south.

Floodplain deposit C

The floodplain deposit C (Bald Hill Claystone) represents the uppermost unit of the
Narrabeen Group sequence as proposed in this study. This unit is mainly composed of
reddish-brown massive claystone (Fm) and palaeosol horizons (P), however, other
recorded lithofacies are: Gm, Sm, Sh and Fl.

The floodplain deposit C was formed

during the lowest detrital input to the Sydney Basin when both Lachlan Fold Belt and
New England Fold Belt were denuded. Its red colour and the presence of palaeosols
indicate that this unit was deposited in a well drained environment subjected to frequent
exposures.

10.3.4

NEWPORT DEPOSITIONAL SYSTEM

The Newport depositional system represents the uppermost unit studied. It forms the
basal part of the Hawkesbury depositional sequence as proposed in this study.

The

Newport Formation includes the Garie Claystone Member and lagoonal/lacustrine
deposits.
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Garie Claystone Member
In the past this unit was considered as an epiclastic unit and a different depositional
environment was accordingly proposed.

However, this study revealed that the Garie

Claystone Member was originally deposited as an ashfall unit with accretionary lapilli.
The tuffaceous materials were then extensively altered to kaolinite. This unit is mostly
composed of massive tuff with sparse accretionary lapilli. A thin layer of sheetwash,
recorded by the accumulation of accretionary lapilli, is also present at the top of the unit
in places. This unit shows a period of volcanic activity in the New England Fold Belt.

Lagoonal/Lacustrine Deposits
The lagoonal deposits are mostly composed of laminated mudstone, highly carbonaceous
mudstone, symmetrical ripple marks and a few thin sandy conglomeratic unis. It locally
contains abundant plant and trace fossils. Most of the sandstone and mudstone in this
unit was deposited in a calm environment.

Although, most of this deposit was laid

down in a wet environment as implied by the presence of burrows, symmetrical ripple
marks and highly carbonaceous mudstone. However, the presence of desiccation and
synaeresis cracks indicate drying out of region in places. The low boron content of
these deposits, lack of evaporitic minerals and the presence of broadleaf plants in these
deposits indicate alternatively freshwater lacustrine and lagoonal environments in the
southern part of the basin, whereas, in the northern part of the basin lagoonal and
marine incursions were reported.

10.4 STRATIGRAPIDC APPLICATIONS

Based on genetic relationships of the strata and detailed sedimentological work, several
revisions in the stratigraphy of the Narrabeen Group are recommended:
(1)

the lower part of the Narrabeen Group (Wombarra depositional system) has a close
affinity with the underlying Illawarra Coal Measures and it is suggested that it
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should be excluded from the Narrabeen Group and included m the underlying
Illawarra Coal Measures.
(2)

The Coal Cliff Sandstone is not a laterally continuous unit and its size, petrology
and source is similar to the other coarse-grained units in the Illawarra Coal
Measures (e.g. Lawrence and Loddon Sandstone Members) with member status.
It is suggested that this unit should be degraded to the member status. Therefore,
the Wombarra depositional system (Wombarra Formation) would then include the
Coal Cliff and Otford Sandstone Members and Wombarra Shale plus the finegrained strata between Bulli Coal and Coal Cliff Sandstone Member.

This

sequence should be renamed the Wombarra Formation and included as the
uppermost unit of the Illawarra Coal Measures.
(3)

There is a hiatal surface at the top of a well developed palaeosol horizon in the
uppermost part of the Bald Hill Claystone. This surface forms the upper boundary
of the Narrabeen Group as proposed in this study.

Therefore, the Narrabeen

Group includes the Scarborough Sandstone, Stanwell Park Claystone, Bulgo
Sandstone and Bald Hill Claystone. The Newport depositional system including
the previous Garie Formation and Newport Formation is suggested to be excluded
from the N arrabeen Group.
(4)

In the past, a epiclastic origin was considered for the Garie Formation, however,
this study revealed that the Garie Formation is composed of ash fallout and
accretionary lapilli. This unit rests on a hiatal surface at the top of the Bald Hill
Claystone, thus, it is not a part of the latter unit, as was considered in the past.
In this study it is considered to form a part of the Newport Formation. Due to
its thickness (normally between 60 cm to 2 m) it is suggested that the Garie
Formation should be down-graded to member status.
lithology, it is termed the Garie Claystone Member.

Due to its distinctive
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(5)

The Newport Formation differs from the rest of the Narrabeen Group strata in
terms of petrology, sedimentary environment, palaeocurrent pattern and provenance;
it has a genetic relationship with the overlying Hawkesbury Sandstone. It rests
on a hiatal surface at the top of the Bald Hill Claystone. It is suggested that the
Newport Formation should be excluded from the Narrabeen Group and included
in a group with the overlying Hawkesbury Sandstone.

The Garie Claystone

Member is a member of this formation.
(6)

By excluding the Newport Formation from the Narrabeen Group, the Gosford
Subgroup will automatically be excluded from this group as well. It is suggested
that the Gosford Subgroup should be upgraded to group status to accommodate the
Newport Formation (including the Garie Claystone Member), Terrigal Formation,
Hawkesbury Sandstone and Mittagong Formation.

10.5 SEQUENCE STRATIGRAPHIC INTERPRETATION OF THE STUDIED
SUCCESSION
The mainly terrestrially-deposited Narrabeen Group can be interpreted in terms of
sequence stratigraphic concepts. Based on recent developments in foreland basin studies,
four new systems tracts are defined to reconcile the mainly fluviatile deposits of the
studied succession to the sequence stratigraphic concept.

These systems tracts are:

Syntectonic Aggradational Systems Tract (SAST); Syntectonic Progradational Systems
Tract (SPST); Post-tectonic Progradational Systems Tract (PPST); and Post-tectonic
Aggradational Systems Tract (PAST).
The Wombarra depositional system forms the Syntectonic Aggradational Systems
Tract (SAST) of the first tectonic cycle.

This systems tract was formed due to the

flexure and downwraping of the basin floor as a result of thrust loading in the New
England Fold Belt.

The Syntectonic Progradational Systems Tract (SPST) of this

tectonic cycle is present as alluvial fans of the Munmorah Conglomerate close to the
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thrust belt. Therefore, in contrast to the previous studies, the W ombarra depositional
system and its equivalent (Dooralong Shale in the northern part and Caley Subgroup in
the western parts of the basin) are considered to be syntectonic in origin, not posttectonic.

The braided fluvial deposits of the Scarborough Sandstone rests on a

basinwide erosional surface (type-1 sequence boundary).

The Scarborough Sandstone

and its equivalent in the Sydney Basin are considered to form Post-tectonic
Progradational Systems Tract (PPST) of the first tectonic cycle. This systems tract was
formed due to the erosion of the thrust belt and resultant rebounding of the basin floor
and uplifting of the proximal parts of the Sydney and Gunnedah Basins. The proximal
parts of the basin were reworked and redeposited farther into the basin. Based on this
interpretation the Scarborough Sandstone and its equivalent formed during a period of
tectonic quiescence.

Therefore, they can be considered as antitectonic coarse-grained

units not syntectonic.
The Syntectonic Aggradational Systmes Tract (SAST) of the second tectonic cycle
is manifested by the fine-grained deposits of the Stanwell Park Claystone and its
equivalent units in the Sydney Basin. These deposits formed due to the flexure of basin
floor, related to the thrust loading in the northern part of the basin.

Erosion of the

thrust belt resulted in flexural rebounding of the basin floor and uplifting of the
proximal part of the basin. As a result, the Bulgo Sandstone and its equivalent units
in the Sydney Basin formed on an extensive erosional surface.

Thus, the Bulgo

Sandstone and its equivalents are considered to be Post-tectonic Progradational Systems
Tract (PPST); they also formed during a period of tectonic quiescence.
The Narrabeen depositional sequence terminates with the Bald Hill Claystone. The
stratigraphic position of the Bald Hill Claystone is different from the two previously
described fine-grained units (Wombarra Shale and Stanwell Park Claystone). These two
latter units are at the base of two tectonic cycles, whereas, the Bald Hill Claystone is
present at the top of the second tectonic cycle.

It is postulated that the Bald Hill
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Claystone forms a Post-tectonic Aggradational Systems Tract (PAST). It was formed
during a period of tectonic quiescence when sediment input to the basin was at its
lowest level.

The Newport Formation also is considered to represent Post-tectonic

Aggradational Systems Tract (PAST) deposits.
In terms of conventional sequence stratigraphy, the studied succession can be
explained as follows: the Wombarra depositional system is a highstand systems tract
(HST); the Scarborough Sandstone is a lowstand systems tract (LST); the Stanwell Park
Claystone is a highstand systems tract (HST).; the Bulgo Sandstone is a lowstand
systems tract (LST); and the Bald Hill Claystone and possibly the Newport Formation
are highstand systems tract (HST).

10.6 WIDER APPLICATION OF THE NEW SYSTEMS TRACT TERMINOLOGY
It was proved that the newly defined systems tracts are very applicable in the retroarc foreland basin settings (e.g. Sydney Basin). However, these systems tracts could be
applied to other kinds of basins as well.

All thrust bounded basins (e.g. Amadeus

Basin), would act in a similar manner to the retro-arc foreland basins, i.e. during high
tectonic activity and thrust loading they will have a coarse-grained Syntectonic
Progradational Systems Tract (SPST) close to the thrust belt and the rest of basin will
be filled with fine-grained deposits of the Syntectonic Aggradational Systems Tract
(SAST), this follows with a period of calm tectonic activity and uplift that will cause
the coarse-grained deposits of the Post-tectonic Progradational Systems Tract (PPST) to
cover the Syntectonic Aggradational Systems Tract (SAST) with an erosional surface.
Some basins may not show all of the systems tracts mentioned above.

For

example, in fault-bounded rift basins mainly Syntectonic Aggradational Systems Tract
(SAST) will develop in the central part of the basin (and may contain evaporitic strata)
whereas Syntectonic Progradational Systems Tract (SPST) will occur in form of alluvial
plains in areas close to the surrounding mountains; the Post-tectonic Progradational
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Systems Tract (PPST) is not present in these basins but in the failed rifts a Posttectonic Aggradational Systems Tract (PAST) may develop in the final stage of basin
filling.

In intercratonic sag basins (without rift basement) mainly the Post-tectonic

Aggradational Systems Tract (PAST) will develop in the central part of the basin and
a poorly developed Post-tectonic Progradational Systems Tract (PPST) will occur close
to the basin margins. Continental basins with internal drainage systems (e.g. playa) will
have two systems tracts. A Post-Tectonic Progradational Systems Tract (PPST) would
occur close to the catchment area as alluvial fans and a Post-tectonic Aggradational
Systems Tract (PAST) in the middle of the basin, which may have considerable amount
of chemically precipitated evaporitic minerals. Again in these basins the Post-tectonic
Progradational Systems Tract (PPST) will not form.
Strike-slip basins may show different systems tracts.

The coarse-grained units

close to the faulted zone may be considered as Syntectonic Progradational Systems Tract
(SPST) whereas fine-grained deposits in the inner parts of the basin may represent
Syntectonic Aggradational Systems Tract (SAST). In the final stage of basin filling a
Post-tectonic Aggradational Systems Tract (PAST) can form.

However, in strike-slip

basins syndepositional unconformities may develop- that make correlation difficult.

10.7 CONCLUSIONS

1.

Three depositional sequences were recognised, namely the Illawarra depositional
sequence, Narrabeen depositional sequence and Hawkesbury depositional sequence.
The basinwide erosional surface at the base of the Scarborough Sandstone was
considered to mark base of the Narrabeen depositional sequence and top of the
Illawarra depositional sequence.

The hiatal surface at the top of the Bald Hill

Claystone represents top of the Narrabeen depositional sequence and base of the
succeeding Hawkesbury depositional sequence.
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2.

Based on detailed lithofacies analysis, one depositional complex and six
depositional system were recognised.

Recorded depositional systems are: the

Wombarra depositional system, Scarborough depositional system, lower Bulgo
depositional system, middle Bulgo depositional system, upper Bulgo depositional
system (these three latter deposition systems represent the Bulgo depositional
complex) and the Newport depositional system.

The lowermost Wombarra

depositional system belongs to the Illawarra depositional sequence and the
uppermost Newport Formation forms lower part of the Hawkesbury depositional
sequence.

The rest of the depositional systems belong to the Narrabeen

depositional sequence.
3.

The Wombarra depositional system is composed mostly of floodplain and lacustrine
deposits with two sandstone members, namely the Coal Cliff and Otford Sandstone
Members, which represent low to moderate sinuosity mixed-load fluvial deposits
and bed-load fluvial deposits respectively.

4.

The Scarborough depositional sequence is composed of sandy to gravelly bedload fluvial deposits of the Scarborough Sandstone in the lower part and floodplain
deposits of the Stanwell Park Claystone in th€ upper part.

5.

The Bulgo depositional complex shows the evolution of a fluvial system; it starts
with the bed-load fluvial deposits of the lower Bulgo depositional system and
gradually changes to the braidplain deposits of the middle Bulgo depositional
system and finally it is terminated by the mixed-load fluvial deposits of the upper
Bulgo depositional system and floodplain deposits of the Bald Hill Claystone.

6.

The Garie Claystone Member (formerly Garie Formation) forms a tuffaceous unit
with accretionary _lapilli, not an epiclastic unit as was thought in the past.

7.

The Newport Formation is composed of tuffaceous materials of the Garie
Claystone Member and mainly freshwater lacustrine to lagoonal deposits of the
Newport Formation.
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8.

Eight modifications to the currently-accepted stratigraphy are recommended: (1 )
the Coal Cliff Sandstone is down-graded to member status; (2) the Wombarra
Shale is renamed the Wombarra Formation; (3) the Coal Cliff Sandstone Member
is included to the newly defined Wombarra Formation; (4) the Wombarra
Formation is excluded from the Narrabeen Group and included in the Illawarra
Coal Measures; (5) the Narrabeen Group is revised to include the Scarborough
Sandstone, Stanwell Park Claystone, Bulgo Sandstone and Bald Hill Claystone; (6)
the Garie Formation is down-graded to member status and, due to its distinctive
lithology, is called the Garie Claystone Member; (7) the Newport Formation is
revised to include the Garie Claystone Member; both are excluded from the
Narrbeen Group; (8) the Gosford Subgroup is upgraded to group status to
accommodate the Newport Formation, Terrigal Formation, Hawkesbury Sandstone
and Mittagong Formation.

9.

The Permo-Triassic succession in the Sydney Basin was successfully interpreted
based on new concepts in foreland basin development and in terms of sequence
stratigraphy. Two tectonic cycles are recognised and sedimentation in the Sydney
Basin was interpreted accordingly.

10.

Four new terms were defined to reconcile the sequence stratigraphic concepts used
in terrestrially-filled basins. To introduce these new terms two controlling factors
were

considered:

maJor

sedimentation

processes

(aggradational

versus

progradational) and tectonism (syntectonic versus anti-tectonic). These new terms
are Syntectonic Aggradational Systems Tract (SAST); Syntectonic Progradational
Systems Tract (SPST); Post-tectonic Progradational Systems Tract (SPST); and
Post-tectonic Aggradational Systems Tract (PAST).
11 .

The first tectonic cycle starts with the Syntectonic Aggradational Systems Tract
(SAST) of the Illawarra Coal Measures including the Wombarra depositional
system in the southern part of the basin and Newcastle Coal Measures and
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Dooralong Shale in the northern part of the basin.

Alluvial fans of the lower

Munmorah Conglomerate represent Syntectonic Progradational Systems Tract
(SPST) of this tectonic cycle. The Scarborough Sandstone and its equivalents in
the Sydney Basin represent Post-tectonic Progradational Systems Tract (PPST) of
the first tectonic cycle.
12.

The second tectonic cycle starts with the Syntectonic Aggradational Systems Tract
(SAST) of the Stanwell Park Claystone and its equivalents in the Sydney Basin.
The Post-tectonic Progradational Systems Tract (PPST) of this tectonic cycle is
present as the Bulgo Sandstone and its equivalents. The second and last tectonic
cycle does not terminate with the Post-tectonic Progradational Systems Tract
(PPST) as occurred in the first tectonic cycle but it ends with the Post-tectonic
Aggradational Systems Tract (PAST) of the Bald Hill Claystone.

13.

This study materialised a successful application of sequence stratigraphic concepts
in a terrestrially-filled foreland basin where tectonism acted as the major controller
instead of sea level fluctuations.

It was also proved that the Sydney Basin

represents an excellent example for applying the recently developed concepts of
syntectonic fine-grained deposits and anti-tectonic coarse-grained deposits in
foreland basins.
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Figure 3.9. General view of the bed-load fluvial deposit B. This unit has an erosional
basal contact with the floodplain deposit A (Wombarra Shale) and a gradational
upper contact with the floodplain deposit B (Stanwell Park Claystone). (See Figure
1.4, SP-10, for locality).

Figure 3.10. Massive to crudely-bedded conglomerate (Gm) in the bed-load fluvial deposit
B, which is locally interbedded with sandstone. The conglomerate is interpreted as
longitudinal bars deposited during high flow stage and the sandstone lenses are
interpreted as sand wedges deposited during falling flow stage. Note the erosional
bases of the conglomeratic units. (See Figure 1.4, BU-3, for locality).

Figure 3.11. Sub-rounded clast supported conglomerate in the bed-load fluvial deposit B,
which forms the coarsest grained unit in the Narrabeen Group succession. Grains
are normally between 1 cm to 2 cm in diameter but can reach up to 8 cm. (Lens
cap is 50 mm in diameter; see Figure 1.4, BU-7, for locality).

Figure 3.12. A planar cross-bedded conglomeratic unit in the bed-load fluvial deposit B
(Gp). This unit shows an overall upward decrease in grain size indicating reduction
in the river competency. The large clast at the base is a ripped-up mudclast. (See
Figure 1.4, BU-7, for locality).

Figure 3.13. Some of units in the bed-load fluvial deposit B contain abundant coalified
and petrified logs. Cross-sections of logs are aligned almost parallel to the
palaeocurrent as indicated by the trough cross-bedding. Logs are normally about
3 m long but some of them reach up to 10 m in length. (See Figure 1.4, BU-4,
for locality).

Figure 3.15. Two polymictic conglomeratic units in the bed-load fluvial deposit B, which
are separated by a cross-bedded sandstone lens. The conglomeratic units represent
longitudinal bars and the sandstone unit was probably a sand wedge deposited
during falling flow stage. (See Figure 1.4, BU-6, for locality).

Figure 3.14. Lower part of the conglomeratic unit in the bed-load fluvial deposit B
normally contains abundant ripped-up and reworked mudstone clasts indicating
recycling of the fine-grained deposits caused by erosion during lateral migration of
the succeeding channels. (See Figure 1.4, BU-6, for locality).

Figure 3.16. Heterolithic planar cross-bedded conglomerate (Gp) in the bed-load fluvial
deposit B covered by a massive conglomeratic unit (Gm) with large intraclasts. The
Gp lithofacies is interpreted as a gravelly transverse bar. (Upper scale divisions are
in decimetres; see Figure 1.4, BU-6, for locality).

--- -~·-•

Figure 3.17. Close-up a heterolithic Gp lithofacies composed of conglomerate and very
coarse-grained and pebbly sandstone. The heterolithic nature of the Gp lithofacies
is probably due to fluctuations in the river discharge or grain sorting on the stoss
side of a bar (Lens cap is 50 mm in diameter; see Figure 1.4, BU-6, for locality).

Figure 3.19. Scour filled with conglomerate (Ge) in the bed-load fluvial deposit B. Here
a scour has cut down into the overbank deposits and was filled with the
conglomerate during falling flow stage. Note the ripped-up mudstone intraclasts in
the conglomerate. (See Figure 1.4, CC-21, for locality).

Figure 3.18. Cosets of trough cross-bedded sandy conglomerate
fluvial deposit B. The Gt lithofacies was deposited in deeper parts of the channel
than the Gp lithofacies. (See Figure 1.4, BU-7, for locality).

Figure 3.20.
A 1.3 m thick planar cross-bedded sandstone (Sp) unit in the bed-load
fluvial deposit B representing a 2-D straight crested dune (transverse bar). (Smaller
scale divisions are in decimetres; see Figure 1.4, between SP-8 and SP-9, for
locality).

In places the superimposed Sp lithofacies are separatedo y a thin gravelly
layer which is interpreted as armoured surface. (Scale divisions in decimetres; see
Figure l.4, SP-3, for locality).
Figure 3.21. Superimposed planar cross-bedded sandstone (Sp) in the bed-load fluvial
deposit B. Some of the sets show reactivation surfaces indicating fluctuations in
water discharge. They are interpreted as deposits of 2-D straight crested dunes.
The Sp lithofacies were deposited in shallower channels than the St lithofacies.
,{See Figure 1.4, SP-3, for locality).

-

Close-up of a unit with Sp Jitnofacies showing reactivation surfaces. (Scale
divisions in decimetres: see Figure 1.4. between SP-8 and SP-9, for localitv).

Figure 3.24. Plane-bedded sandstone (Sh) in the bed-load fluvial deposit B. This
lithofacies is up to l . l m in thickness and is interpreted as longitudinal sand sheets
deposited in high energy conditions. This lithofacies also occurs as bar-top deposits.
(Scale divisions in decimetres; see Figure l.4, CC-20, for locality).

~I
Figure 3.25. Ripple cross-laminated sandstone (Sr) in the bed-load fluvial deposit B. This
unit is encased in fine-grained deposits and is interpreted as a crevasse splay. The
Sr lithofacies also occurs as bar-top deposits. (Lens cap 50 mm in diameter; see
Figure 1.4, CC-21, for locality).
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Figure 3.27. A preserved channel element in the bed-load fluvial deposit B. The channel
scoured down into a 2.1 m thick floodplain deposit (left hand side of the photo).
The scour is 2.9 m deep. (Visible portion of scale is 1.5 m long; see Figure 1.4,
SP-6, for locality).

A well developed fine-grained unit in the bed-load fluvial deposit B. This
unit represent a floodplain deposit and the sandstone layers encased in it represent
crevasse splay deposits. (Smaller scale divisions in decimetres; see Figure 1.4, CC20, for locality).

Figure 3.28. A reworked fine-grained unit in the bed-load fluvial deposit B. Some parts
of the unit (e.g. around the hammer) were eroded by the overlying channel but other
parts (arrowed) are still in their original position. This is a good example showing
reworking of the fine-grained deposits in the bed-load fluvial system. (See Figure
1.4, BU-4, for locality).
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SG Sediment Gr.a vity Flow

GB Gravel Bar and Bed Form

SB Sand Bed Form

DA Downstream Accretion

LS Laminated Sand

=====:::::;;::::;::::; Fl
-...,,,,,..~~~~

[ 0.2 - 2.0m

OF Overbank Fines

Figure 3.29. The eight basic architectural elements in fluvial deposits (from Miall, 1985a,
1988b, 1992c).
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Figure 3.40. General view of the bed-load fluvial deposit A in a road cutting between
Clifton and Coalcliff. Some of the facies extend laterally for up to tens of metres
(e.g. the Sp lithofacies in the middle of the unit). (Outcrop is 6 m high; see Figure
1.4, CL-2, for locality).

Figure 3.41. Close-up of tlie bed-load fluvial deposit A in a road cutting between Clifton
and Coalcliff. (Outcrop is 6 m high; see Figure 1.4, CL-2, for locality).
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Figure 3.43. Vertical profile of the bed-load fluvial deposit C north of Werrong.
Figure 1.5, WE-3, for locality).
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Figure 3.44. Massive to crudely bedded conglomeratic units (Gm) in the bed-load fluvial
deposit C. This conglomeratic unit is interpreted as a longitudinal bar. Note the
reworked mudclasts in this unit. (See Figure 1.5, WE-2, for locality).

Figure 3.45. Medium to large scale troughs in the bed-load fluvial deposit C. Note the
upper part of the St lithofacies which is eroded by the succeeding sandbody. (See
Figure 1.5, WE-4, for locality).
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Figure 3.46. Large planar cross-bedded sandstone unit composed of pebbly sandstone in
the bed-load fluvial deposit C. The Sp lithofacies reach up to 2.3 m in thickness
at this locality. (Book is 30 cm long; see Figure 1.5, WE-4, for locality).

Figure 3.47. Heterolithic in a large planar cross-bedded unit. (Smaller scale divisions in
decimetres; see Figure 1.5, WE-4, for locality).

Figure 3.48. Superimposed Sp and St lithofacies occur as macroforms up to 8 m in
thickness in the bed-load fluvial deposit C. (See Figure 1.5, WE-5, for locality).
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~- -------------

Figure 3.50. A well developed fine-grained unit in the bed-load fluvial deposit C. This
unit represent floodplain deposits and the sandstone beds encased in it are
interpreted as crevasse splay deposits. (Section is 6 m high; see Figure l.5, FP4, for locality).

Figure 3.49. Ripple cross-laminated sandstone (Sr) in the bed-load fluvial deposit C which
is interpreted as a bar-top deposit. (See Figure 1.5, BP-4, for locality). ·-

Figure 3.51. A large planar cross-bedded unit in the bed-load fluvial deposit C. This unit
exhibits heterolithic foresets and is interpreted as a large transverse bar in the
channel. (Unit is l.3 m thick; see Figure 1.5, FP-4, for locality).

FIGURES TO CHAPTER 4

Figure 4.1. General view of braidplain deposits. (See Figure 1.5, ME-4, for location).

Figure 4.2. Interbedded sandstone and fine-grained deposits of the braidplain deposits. (See
Figure 1.5, ME-2, for locality.

Figure 4.3. Heterolithic low angle cross-bedded very coarse-grained to medium-grained
sandstone. This unit shows reactivation surfaces on foresets due to the fluctuation in
water discharge. (See Figure 1.5, ME-4, for locality).

Figure 4.4. Heterolithic low angle cross-bedded sandstone and siltstone unit. This unit is
interpreted to be deposited by lateral accretion. (See Figure 1.5, TH-2, for locality).
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(See Figure 1.4, CC-4, for

Figure 5.3. Vertical profile of the Coal Cliff Sandstone.
locality).

(See Figure 1.4, CC-6, for
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(See Figure 1.4, CC-9, for

Figure S.S. General view of the Coal Cliff Sandstone and the overlying
main shaly unit of the Wombarra depositional system. Note the finegrained layers within the Coal Cliff Sandstone and the Bulli Coal
under it. (The Coal Cliff Sandstone is about 10 m thick in this
locality; see Figure 1.4, CC-9, for the locality).

Figure S.6. The mixed-load fluvial deposit A has an erosional contact with
the underlying fine-grained deposits. Presence of a channel floor Jag
deposits is common in this sandstone unit. The Bulli Coal is prsent
at the base of the sequence. (See Figure 1.4, SC-5, for locality).

Figure S.8. Conglomeratic unit with the Gm lithofacies on a shore platform
south of Coalcliff. (See Figure 1.4, CC-13, for locality).
Figure S.7. In this locality all the strata above the Bulli Coal and a small
portion of the coal were eroded by the Coal Cliff river. Note the
channel floor Jag deposit. (See Figure 1.4, CC-6, for locality).
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Figure 5.9. Conglomeratic mesoform with Gm lithofacies south of Coalcliff. These
mesoforms are almost parallel to the palaeocurrent and are interpreted to represent
longitudinal bar deposits. (See Figure 1.4, CC-13, for locality).

Figure 5.11. The ironstone clast stringer lithofacies (Gis) in the mixedload fluvial deposit A. Note the imbrication of the pebbles.
Palaeoflow from right to left. (Scale length is 20 cm; see Figure
1.4, CC-9, for locality).

Figure 5.10. Coalified and petrified logs are abundant in lower part of the
mixed-load fluvial deposit A. (See Figure 1.4, CC-12, for locality).

Figure 5.13. Plane view of the ironstone band showing two well developed
sets of joints and a third less continous set. (Open tape is 20 cm
long; see Figure 1.4, CC-12, for locality).

Figure 5.12. a) Close-up of the lower part of the mixed-load fluvial deposit
A showing two ironstone clast stringer lithofacies (Gis). Some of the
clasts reach up to 35 cm in diameter. (Note book length is 30 cm
; see Figure 1.4, CC-9, for locality).

Figure 5.15. Well preserved trough cross-bedded sandstones (St) in the
mixed-load fluvial deposit A on the shore platform south of Coalcliff.
(See Figure 1.4, CC-12, for locality).

Figure 5.14. Cosets of trough cross-bedded sandstone (St) in the mixedload fluvial deposit A. (See Figure 1.4, CC-2, for locality).

Figure 5.17. A thick (about 1.1 m) ripple cross-laminated sandstone
lithofacies (Sr) unit exists at the top of the uppermost preserved
macroform in the mixed-load fluvial deposit A. This unit is
interpreted as a bar-top and/or levee deposit. (See Figure 1.4, CC2, for locality).
Figure S.16. Ripple cross-laminated sandstone lithofacies (Sr) occurs as bartop deposit in places. Note the overlying younger channel deposits
with an erosional lower contact. (See Figure 1.4, between CC-2 and
CC-3, for locality).

Figure 5.18. Symmetrical wave-generated ripple marks in the fine-grained deposits of the
mixed-load fluvial deposit A. (See Figure 1.4, CC-17, for locality).

Figure 5.20. Fine-grained deposits of the OF architectural element in the mixed-load
fluvial deposit A (Fl lithofacies). Note the ironstone bands. (Scale divisions in
decimetres; see Figure 1.4, CC-8, for locality).

Figure 5.19. A well developed parallel laminated mudstone (Fl) at the top of the mixedload fluvial deposit A. It is interbedded with fine-grained sandstone and contains
Sr lithofacies and ironstone bands (Fib lithofacies).
(The sequence is
approximately 6 m thick; see Figure 1.4, CC-6, for locality).

Figure 5.21. Parallel laminated mudstone lithofacies (Fl) with ironstone bands at the base
of the mixed-load fluvial deposit A. This unit is interpreted as floodplain or
outwash deposits of the Coal Cliff river(s). Note the shallow scours into the Bulli
Coal which are filled with conglomerate (Ge lithofacies). (See Figure 1.4, CC11, for locality).
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Figure 5.24. Lateral profile of the mixed-load fluvial deposit A showing hierarchy of
bounding surfaces (numbers) and architectural elements (capital letters).
(See
Figure 1.4, between CC-8 and CC-10, for locality).

Figure 5.25. A completely preserved
macroform in the mixed-load
fluvial deposit A. It shows a
fining upward decrease in grain
size and size of the sedimentary
structures. From bottom to the top
this macrofom consists of: channel
floor Jag deposit and associated
conglomeratic unit, trough crossbedded pebbly sandstone, ripple
cross-laminated sandstone and
vertically accreted mudstone at the
top.
It is overlain by the
overlying channel deposits with an
erosional contact (Smaller scale
divisions in decimetres; see Figure
1.4, CC-2, for locality).

Figure 5.26. Trace fossils (probably Planolites) in the OF architectural
element of the mixed-load fluvial deposit A. (Open tape is 10 cm
long; see Figure 1.4, CC-17, for locality).

Figure 5.27. Fine-grained deposits of the OF architectural element often are partly or
totally eroded by the succeeding channel deposits. Here, the OF element, including
ironstone bands, was reworked and, as a result, the ironstone clast stringer
lithofacies (Gis) was produced. Note the erosional lower contact of the mixedJoad fluvial deposit A. (See Figure 1.4, CC-9, for locality).

view of the mixed-load fluvial deposit B. Note the in-channel
deposits in the lower and middle parts of the figure and floodplain and crevasse
splay deposits between the channel deposits. (See Figure 1.5, GN-2, for locality).

v

Figure 5.29. Gradational contact of the mixed-load fluvial deposftB witli' the overlying
floodplain deposit C. Note the thick white unit which is interpreted as a silcrete
f1) _horizon. (See Figure ) .5, _QN-4, for locality).

Figure 5.31. Thick sequence of the fine-grained deposits shows mainly A lithofacies
which are interbedded interbedded with fine- to medium-grained Sh and Sr
lithofacies. This unit is interpreted to represent floodplain and crevasse splay
deposits. (Scale is 2 m long; see Figure 1.5, GN-3, for locality).

Figure 5.30. Cosets of large troughs in sandstone units of the mixed-load fluvial deposit
B. (Smaller scale divisions in decimetres; see Figure 1.5, GN-2, for locality).

Figure 5.32. Current ripple marks in the mixed-load fluvial deposit B.
divisions in decimetres; see Figure 1.5, GN-2, for locality).
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Figure 6.1. The Wombarra depositional system including the lower, middle and upper
fine-grained units of the floodplain deposit A, the Coal Cliff Sandstone and the
Otford Sandstone Member. Section measured at Coalcliff.

Figure 6.•3. The middle fine-grained unit is overlain by the bedload fluvial deposit A with a sharp and erosional contact.
(Section is approximately 3.5 m in height; see Figure 1.4,
between CC-2 an~ CC-3, for locality).

laminated mudstone.

Figure 6.4. The upper fine-grained unit is overlain by the bedload fluvial deposit B with a distinct erosional contact. a)
massive to parallel laminated mudstone; b) horizontally bedded
mudstone and fine-grained sandstone; c) massive to plane-bedded
sandstone; d) massive to horizontally bedded mudstone; e) bedload fluvial deposit B. (See Figure 1.4, CL-6, for locality).

Figure 6.5. Floodplain deposit B in the outcrops between Clifton
and Coalcliff. (Scale length is 2 m; see Figure 1.4, CL-7, for
locality).
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Figure 6.6. Vertical profile of the floodplain deposit B between
Clifton and Coalcliff. (See Figure 1.4, CL-7, for locality).

A complete sequence of the floodplain deposit B
immediately below the Stanwell Park Lookout. a) bed-load
fluvial deposit B; b) floodplain deposit B which is 51 m thick; c)
bed-load fluvial deposit C. Note the gradational contact between
(a) and (b). (Scale-unit b is 51 thick; see Figure 1.4, SP-12, for
locality).

Figure 6.8. Floodplain deposit B is overlain by the bed-load
fluvial deposit C with an erosional contact. (Scale length is 2 m;
see Figure 1.5, WE-2, for locality).

Figure 6.9. A plane-bedded to massive sandstone unit in the
floodplain deposit B. Note the intraclasts in the lower part of the
unit. (Lower part of scale in decimetres; see Figure 1.4, CL-7,
for locality).

Figure 6.10. a) mixed-load fluvial deposit B; b) floodplain
deposit C; c) Newport depositional system; d) lower part of
Hawkesbury depositional system. (Cliff is approximately 100 m
in height; see Figure 1.5, GN-3, for locality).
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Figure 6.11. Vertical profile of the floodplain deposit B immediately below the Stanwell
Park Lookout. (See Figure 1.4, SP-12, for locality).
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Vertical profile of the floodplain deposit C (Bald Hill Claystone).
Figure 1.5, GN-6, for locality)

(See

Figure 6.13.
Outcrop showing the
middle part of the floodplain deposit C.
1
a) reddish-brown massive claystone; b) :,
grey to dark grey laminated mudstone; c)
sandstone unit with erosional lower
contact. (See Figure 1.5, between GN-5
and GN-6, for locality).

- - --Figure 6.14. Erosional lower boundary of a sandstone unit in the floodplain
deposit C. Note the indistinct low angle cross-bedding and numerous
subhorizontal erosion surfaces in the coarse-grained unit. (See Figure
1.5, between GN-5 and GN-6, for locality).
.. - ~

!o' .

Figure 6.15. Erosional contact of the brecciated claystone unit with the
underlying floodplain deposit C. (See Figure 1.5, GN-8, for locality).

Brecciated claystoneof the floodplain deposit C. This unit
is mostly composed of reworked materials from the adjacent strata.
It is poorly sorted and contains angular to subangular grains up to 4
cm in diameter. (Coin diameter is 3 cm; see Figure 1.5, GN-6, for
locality, sample is a fallen block).

-

Figure 6.17.
sandstone unit with an erosional contact.
6, for locality).

Figure 6.19. Onion-skin weathering in the floodplain deposit C. (See Figure 1.5, GN7, for locality).

Figure 6.18. a) reddish-brown claystone of the floodplain deposit C showing several
colour bands related to palaeosols; b) dark grey laminated mudstone; c) sandstone
with erosional lower contact. (See Figure 1.5, GN-6, for locality).

Figure 6:-2"0. Co pper enrichment in the massive claystone of the floodplain deposit C.
The copper enrichment occurred around the reduction spots such as plant fragments.
(See Figure 1.5, GN-7, for locality).

Figure 6.22. A palaeosol horizon in the
upper part of the floodplain deposit C. a)
slightly altered parent rock; b) light grey
~~ 1 horizon with rootlets; c) light red
claystone with sparse rootlets.
(See
Figure 1.5, GN-7, for locality).

Figure 6.21. A distinct white sandstone with sub-vertical dykes in the lower part of the
floodplain deposit C. This unit is interpreted as a silcrete horizon. (See Figure
1.5, GN-7, for locality).
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Figure 6.23. Close-up of a part of the Figure 6.22 showing the gradational boundary
between horizon b and c. Lighter irregular vertical features are either rootlets or
trace fossils. (See Figure 1.5, GN-7, for locality).

Figure 6.24. Cylindrical root casts in the lower part of the palaeosol horizon in the
floodplain deposit C. (See Figure 1.5, between GN-6 and GN-7, for locality, sample
is a fallen block).
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Figure 7.1. Vertical profile of the Newport depositional system (Garie North Head). (See
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Figure 7 .2. Vertical profile of the Newport depositional system. (Grid Ref. 043987, Bulli,

9029-Il-N).

Figure 7.3. Sharp contact of the Garie Formation and underlying floodplain deposit C.
(Scale length is 2 m; see Figure 1.5, GN-6, for locality).

Figure 7.4. Sharp and slightly erosional contact of the Garie Formation and overlying
Newport Formation. a) massive claystone; b) accumulated accretionary lapilli; c)
grey shale. (Grid Ref. 043987, Bulli, 9029-Il-N).

Figure 7.5. Reworked and accumulated accretionary lapilli in the upper part of the Garie
Formation. (Grid Ref. 043987, Bulli, 9029-II-N).

Figure 7.6. Accumulated accretionary lapilli in the Garie Formation. The lapilli may
reach up to 1 cm in diameter. (Coin diameter is 27 mm; see Figure 1.5, between
GN-6 and GN-7, for locality, fallen block).
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Figure 7.7. General view of the lagoonal
deposits in the road cuttings northwest of
Wollongong. (Scale length is 1.75
Grid Ref. 043987, Bulli, 9029-Il-N).

A subordinate channel in the Hawkesbury Sandstone containing reworked
materials from the underlying Newport Formation. (Height of visible part is
approximately 8 m; see Figure 1.5, GN-8, for locality).

I

S··~

· _-;- , -- 4f~ I Figure 7.8.

General view of the lagoonal
' deposits in the Garie North outcrops.
(Visible part of scale is l .5 m long; see
Figure 1.5, GN-7, for locality).

I

Figure 7.10. A well preserved channel in the Hawkesbury Sandstone rests directly on the
lagoonal deposits of the Newport Formation. (Grid Ref. 041971, Bulli, 9029-IlN).

Figure 7.11. Plane-bedded conglomeratic sandstone unit in the lagoonal deposits. Note
the slightly erosional basal contact. (See Figure 1.5, GN-8, for locality).

Figure 7.13. Starved symmetrical ripples with only the crest preserved. Note the presence
of simple burrow forms in the intervening silty troughs. (See Figure 1.5, GN-6, for
locality).

Figure 7.12. Stacked ripple cross-laminated sandstone in a fallen block in the lagoonal
deposits. Ripples are symmetrical. (See Figure 1.5, GN-7, for locality).

Figure 7.14. Some of the sandstone units in the lagoonal deposits change laterally into
the planar cross-bedded sandstone with clay drapes (small delta). (See Figure 1.5,
GN-8, for locality).

Figure 7.15. Planar cross-bedded sandstone in the lagoonal deposits. (Grid
Ref. 043987, Bulli, 9029-Il-N).
Figure 7.16. Plane-bedded sandstone in the Newport Formation. This unit
is overlain by a planar cross-bedded sandstone. (Scale length is 15
cm; Grid Ref. 043987, Bulli, 9029-Il-N).

Figure 7.17. A typical growth fault in
the Newport Fo1mation. Note the thicker
and disturbed units on the hanging wall
of the fault (right hand side).
(See
Figure 1.5, GN-8, for locality).

Figure 7.18. Highly carbonaceous mudstone in the upper part of lagoonal
deposits. Note the distorted sandstone layer and ball and pillow
structure in upper part. (See Figure 1.5, GN-8, for locality).

lnterbeds of
Figure 7.19.
mudstone and fine-grained sandstone in;
the lagoonal deposits. (See Figure I .SJ
between GN-8 and GN-9, for locality).

Figure 7.20. A thin layer of tuff in massive mudstone of the lagoonal
deposits. (Coin diameter is 23 111111 ; see Figure LS, GN -9, for
localit y).

Figure 7.21. Superimposed layers with mudcracks in the lagoonal deposits. (Scale length
is IS cm; see Figure l.S, GN-7, for locality).

Figure 7.22. Plan view of the
(Phott>graph length is 14 cm).

synaeresis . cracks in the lagoonal deposits.

Figure 7.23. Vertical burrows show different length and diameter. (Coin diameter is 14
mm; see Figure 1.5, ~tween GN-8 and GN-9, for locality).

Figure 7.25. Superimposed layer of siltstone with different trace fossils. The irregular
shapes in the right hand side are probably desiccation cracks filled by fine-grained
sandstone. (See Figure 1.5, GN-6 , for locality, fallen block).

Figure 7.24. Trace fossils in the lagoonal deposit show various size and diameter. Some
of the burrows may reach up to 3 cm in diameter. (Scale length is 15 cm; see
Figure 1.5, GN-6 , for locality, fallen block).

Figu-re 7.26. Some of the beds in the lagoonal deposits contain abundant plant fossils.
(See Figure 1.5, GN-6, for locality, fallen block).
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Figure 8.1. Composite quartz in the Bulgo Sandstone. Note the two generation of
carbonate cement (crossed nicols; field of view = 3.95 mm).

Figure 8.2. Composite quartz with preferred orientation of the subgrains indicating of a
metamorphic origin (crossed nicols; field of view = 1.11 mm).

Figure 8.3. Some of the quartz grains contain abundant fluid inclusion which is
interpreted as vein quartz with hydrothermal origin (Bulgo Sandstone; crossed nicols;
field of view = 1.11 mm).

Figure 8.4. Quartz overgrowth in the Bulgo Sandstone. Note the quartz replacement by
the later carbonate cement (crossed nicols; field of view = 1.11 mm).

Figure 8.5. Chalcedony and microcrystalline chert in the Bulgo Sandstone. Note the two
stages of carbonate cement (crossed nicols; field of view = 1.11 mm).

Figure 8.6. Quartz replacement by the carbonate in the Coal Cliff Sandstone (crossed
nicols; field of view = 0.62 mm).

= 0.62

Figure 8.8. Rock fragments are the dominant component of the coarse-grained units in
the Narrabeen Group succession. Note the siltstone grains in the middle and chert
grains close to it (Bulgo Sandstone; crossed nicols; field of view = 3.95 mm).

Figure 8.7. Muscovite inclusion in the quartz grain (crossed nicols; field of view
mm).

~!!(.:.' -~
Figure 8.9. Sedimentary rock fragments (shale or possible slate) in the Coal Cliff
Sandstone. These fragments are normally larger than the surrounding grains
(crossed nicols; field of view = 3.95 mm).

Figure 8.10. Sedimentary rock fragment (siltstone) in the Bulgo Sandstone (crossed nicols;
field of view = 3.95 mm).

, ;.. .... ·.....,

.' ....

Figure 8.11. A sample from the Coal Cliff Sandstone containing abundant plagioclase
(crossed nicols; field of view = l.11 mm).

· r~

..

Figure 8.12. Some of the feldspars are completely altered and produced a cloudy
appearance (Scarborough Sandstone; crossed nicols; field of view = 1.11 mm).

Figure 8.13. Carbonate replacement is common in the Narrabeen Group strata, here a
plagioclase is partly replaced by the authigenetic carbonate (Scarborough Sandstone;
crossed nicols; field of view = 0.62 mm).

Figure 8.14. Muscovite occurs in many samples as deformed flakes due to the
compactional pressure (Bulgo Sandstone; crossed nicols; field of view = 0.62 mm).

Figure 8.15a. Heavy mineral (zircon) in the Newport Formation (crossed nicols; field of
view = 1.11 mm).

Figure 8.15b. Same as Figure 8.lSa but with parallel nicols.

Figure 8.19. Scanning electron photomicrographs of secondary quartz and clay minerals in the Narrabeen Group strata. a) general view
of a sample from the Scarborough Sandstone showing a relatively large crystal of secondary quartz together with quartz and clay
coatings (illite/smectite) on the detrital grains, X 144; b) close-up of the quartz crystal in (a), X 660; c) general view of a sample
from the Bulgo Sandstone showing quartz overgrowths and illite/smectite clay minerals, X 250; d) close-up of the quartz overgrowths
in (c), X 840; e) quartz overgrowths and illite/smectite clay in a sample from the Scarborough Sandstone, X 660; f) close-up of quartz
overgrowths and poorly crystalline illite clay minerals in a sample from the Bulgo Sandstone, X 600.

Figure 8.20. Scanning electron photomicrographs of the clay minerals in the Narrabeen Group strata. a) well developed kaolinite crystais
in the Bulgo Sandstone, X 720; b) close-up of kaolinite booklets coated with an amorphous mineral cement, probably an illite clay
mineral, in the Bulgo Sandstone, X 1020; c) poorly crystalline clay minerals (illite/smectite?) in the Coal Cliff Sandstone, X 900;
poorly crystalline clay minerals in the Scarborough Sandstone, note the dissolution spaces, X 1020; e) pore filling kaolinite in the
Scarborough Sandstone, X 150; f) well developed kaolinite plates in the Bulgo Sandstone, X 1380.

Light brown staining
is possibly due to the alteration of the siderite to limonite and/or hematite (crossed
nicols; filed of view = 1.11 mm).

Figure 8.21a. Opaque minerals (hematite) in the Bald Hill Claystone (crossed nicols; field
of view = 3.95 mm).
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Figure 8.22b. Close-up of the Figure 8.22a (crossed nicols; field of view = 0.24 mm).

Figure 8.23a. Authigenetic siderite in the Garie Formation. Note the two sets of cleavage

in the siderite (crossed nicols; field of view = 1.11 mm).

~Figure 8.25a. Close-up of a concentric sideritic grain in the Wombarra Shale (crossed

nicols; field of view = 0.62 mm).

Same as Figure 8.23a but with parallel nicols.

Siderite cement and concentric sideritic grains in the Wombarra Shale
(crossed nicols; field of view= 1.11 mm).

Figure 8.24.

Figure 8.2Sb. Same as Figure 8.25a but with parallel nicols.
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Figure 8.26. Diagram showing location of stable isotopes of the sideritic units in the
Narrabeen Group sequence. All of the samples indicate a fresh water environment
(diagram after Mozley & Wersin, 1992).
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Figure 8.27. Diagram showing location of stable isotopes of the sideritic units in the
Narrabeen Group sequence. Many of the samples neither fit in the continental nor
in the marine zone, hoewever, 013C values indicate a freshwater environment (data
from Bai, 1991, p. 247; after Mozley & Wersin, 1992).
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Figure 8.28. Palaeocurrent directions for the Narrabeen Group succession mainly based
on planar and cross-bedding unless otherwise explained. (A) Coal Cliff Sandstone
at coastal cliffs and shore platforms between Scarborough and Coalcliff; (B) Coal
Cliff Sandstone based on fossil logs; (C) Otford Sandstone Member at road cuttings
between Clifton and Coalcliff; (D) Scarborough Sandstone at coastal cliffs and shore
platforms between Coalcliff and Bulgo; (E) Scarborough Sandstone based on fossil
logs; (F) lower part of the Bulgo Sandstone at coastal cliffs between Werrong; and
Era; (G)' middle part of the Bulgo Sandstone between Era and Thelma Head; (H)
upper part of the Bulgo Sandstone north of Garie Beach; (I) upper part of the
Narrabeen Group succession south of Broken Bay (data from Cowan, 1993, p. 563),
(a) Bald Hill Claystone, (b) lower part of the Newport Formation, (c) middle part
of the Newport Formation, (d) upper part of the Newport Formation.
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Figure 8.29. Map showing main sediment sources for the Narrabeen Group succession and
the peripheral and axial drainage patterns operating in the Sydney Basin (after Ward,
1971a, 1972; Conaghan et al., 1982; Hamilton & Galloway, 1989).
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3-D dune
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Figure 9.1. Palaeoenvironmental reconstruction of the mixed-load fluvial deposit A (Coal
Cliff Sandstone Member) showing the channel and associated bedforms. The Coal
Cliff channel and overbank deposits were deposited by low to moderate sinuosity
rivers and forms part of the Wombarra depositional system.
longitudinal bar
2-D dunes

3-D dune

Figure 9.2. Palaeoenvironmental reconstruction of the bed-load fluvial deposit A (Otford
Sandstone Member) showing part of the channel and associated bedforms. The
Otford Sandstone Member was deposited by low sinuosity shallow braided rivers
and forms part of the Wombarra depositional system.
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Figure 9.3. Schematic block diagram showing palaeoenvironment during the Wombarra
depositional system. The Wombarra depositional system is composed mainly of
floodplain and lacustrine deposits with two channel sandstone units (Coal Cliff and
Otford Sandstone Members) encased in it.
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Figure 9.4. Palaeoenvironment reconstruction of the lower part of the bed-load fluvial
deposit B (Scarborough Sandstone) showing part of the channel and associated
bedforms. Thick compound bars were formed in this fluvial system.
longitudinal bar

Figure 9.5. Palaeoenvironment reconstruction of the upper part of the bed-load fluvial
deposit B (Scarborough Sandstone) showing part of the channel and associated
bedforms. This part of the bed-load fluvial deposit B forms the coarsest grained
unit in the studied succession indicating highest recorded channel competency.
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Figure 9.6. Schematic block diagram showing palaeoenvironments of the bed-load fluvial
deposit B (Scarborough Sandstone) which rests on a basin-wide erosional surface.
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Figure 9.7.
Schematic block diagram showing palaeoenvironments of the floodplain
deposit B (Stanwell Park Claystone).

compound bar

3-D dune

Figure 9.8. Palaeoenvironmental reconstruction of the bed-load fluvial deposit C (lower
part of Bulgo Sandstone) showing a part of the channel and associated bedforms.
The bed-load fluvial deposit B was deposited by the deepest recorded channels in
the studied succession indicated by the presence of thick cross-bedded units and
macroforms.
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Figure 9.9. Schematic block diagram showing palaeoenvironments of the bed-load fluvial
deposit C (lower part of the Bulgo Sandstone).
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Figure 9.10. Palaeoenvironmental reconstruction of the braidplain deposits (middle part
of the Bulgo Sandstone) showing a part of the channel and associated bedforms.
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Figure 9.11.
Schematic block diagram showing palaeoenvironments of the braidplain
deposits (middle part of the Bulgo Sandstone). The braidplain deposits were laid
down by interweaving shallow channels crossing across th alluvial plain.

2-D dune

crevasse splay
\

. floodplain deposits

Figure 9.12. Palaeoenvironmental reconstruction of the mixed-load fluvial deposit B
(upper part of the Bulgo Sandstone) showing part of the channel and associated
bedforms. One characteristic of these deposits is the presence of thick floodplain
and crevasse splay deposits.
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Figure 9.13. Schematic block diagram showing palaeoenvironments of the mixed-load
fluvial deposit B (upper part of the Bulgo Sandstone).
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Figure 9.14. Schematic block diagram showing palaeoenvironments of the floodplain
deposit C (Bald Hill Claystone). This unit was formed during the period of lowest
detrital input into the basin.
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Figure 9.15. Schematic block diagram showing palaeoenvironments of the Newport
Formation. The Newport Formation was mainly deposited in a lagoon to lake
environment.
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Table 1.1

Correlation of the strata in the different parts of the Sydney Basin (information based on Mayne et al., 1974; Herbert, 1980a; Fielding & Tye, 1994).
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Table 1.2
Stratigraphy and depositional environment of the southern Sydney Basin.

SUBGROUP

GROUP

1

FORMATION

ENVIRONMENT

Bringelly Shale

shallow marine to
I

Ashfield Shale

GROUP

floodplain

Mittagong Formation

'

Hawkesbury Sandstone
Gos ford

Newport Formation

Subgroup

Garie Formation

Herbert (1976, 1980c)

coastal plain

Minchinbury Sandstone

WIANAMATIA

MAJOR REFRENCES

I

I

Sherwin & Holmes (1986)

braided fluvial system

Jones & Rust (1984)
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floodplain
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.

Bald Hill Claystone
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Bulgo Sandstone
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Table 1.3
Correlation of the Narrabeen Group in sothem-central, western and northern parts of the
Sydney Basin.
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Table 1.4
History of the more important previous works on parts of the Narrabeen Group.

AUTHOR'S NAME

A BRIEF SUMMARY OF WORK

Arditto, 1991

Applied sequence stratigraphy concepts to the Late Permian sequence of the Sydney
Basin including the lowermost part of the Narrabeen Group

Bai, 1991

Studied diagenesis of the Narrabeen Group sandstones

Baker, 1956

Gave a description of a pellet claystone layer at the top of the "Middle Narrabeen" ,
probably he was referring to the Garie Formation

Bembrick & Holland, 1972

Upgraded the Grose Sandstone to subgroup status, and its members to formations,
I

in the Blue Mountain area and identified the Wentworth Claystone Member in the
Banks Wall Sandstone.
Bowman, 1974

Described the general geology and stratigraphy of the Wollongong area, including
the Narrabeen Group

Bunny, 1972

Described the general geology of the Southern Catchment Coal Reserve in the
southern Sydney Basin, including the Narrabeen Group

Bunny & Herbert, 1971

Interpreted depositional environment of the Newport Formation

Carrol et al., 1949

Studied heavy minerals in the lower part of the Narrabeen Group north of the
Hunter River

Clark, 1992

Studied depositional environment of the B ulli Coal, inclyding the strata between the
B ulli seam and the Coal Cliff Sandstone

Conaghan et al., 1982

Studied changes in drainage patterns and directions of the fluvial deposits in the
Sydney Basin

Conolly, 1969

Proposed models for Triassic strata of the Sydney Basin, including fluvio-deltaic
environments for the Narrabeen strata and interdistributary bays for the
Bald Hill Claystone

Conolly & Ferm, 1971

Presented a model for sedimentation of the Permo-Triassic strata of the Sydney Basin
and proposed interdistributary bay environments for the red siltstone and claystone
of the Narrabeen Group

Cowan, 1993

Studied drainage patterns and petrological changes of the Permo-Triassic deposits
of the Sydney Basin including uppermost part of the Narrabeen Group in the northern
part of the Sydney Basin

Crook, 1956

Introduced three-fold subdivision of the Narrabeen Group in the Grose River District:
Caley Formation, Grose Sandstone and Burralow Formation

Table 1.4 (continued)

AUTHOR'S NAME

A BRIEF SUMMARY OF WORK

Crook, 1957

Studied sedimentary structures and palaeocurrents of part of the western
Narrabeen Group

Culey, 1932

Studied ripple marks of the Narrabeen Group along the coast of New South Wales

David, 1887

Named the Early Triassic rocks in the Sydney Basin

David, 1932

Divided the "Hawkesbury series" into three series: Narrabeen, Hawkesbury
and Wianamatta

Dickson, 1972

Studied stratigraphy of the Narrabeen Group in the Southern Coalfield (unpublished)

Diessel et al., 1967

Studied rock units in the roof strata of the Bulli Seam including the
Coal Cliff Sandstone

Galloway, 1972

Reported differences in heavy minerals between the Narrabeen Group and
Hawkesbury Sandstone

Goldbery, 1972

Subdivided the Grose Sandstone in the western Sydney Basin into three members:
Burra-Moko Head Sandstone, Mount York Claystone and Banks Wall Sandstone

Goldbery & Holland, 1973

Proposed lateritic source and piedmont deltaic environment for the
Bald Hill Claystone

Hamilton & Galloway, 1989 Studied potential of the Narrabeen Group sandstones for gas and oil production
Hamilton et al., 1987

Used well log data to interprete the depositional systems of the Narrabeen Group

Hanlon et al., 1952

Defined the Narrabeen Group and reviwed its nomenclature

Hanlon, 1953

Studied the geology of the Stanwell Park-Coledale area, described the lithology of the
Narrabeen Group and subdivided it into seven formations

Hanlon et al., 1953

Formally introduced the subdivision of the Narrabeen Group in the Sydney Basin

Harper, 1915

First recognized the Coal Cliff Sandstone as a fluvial deposit

Helby, 1962, 1968, 1973

Studied palynology of the Late Permian and Triassic deposits of the Sydney Basin

Herbert, 1993a

Studied Narrabeen Group in the northern part of the Sydney Basin and considered a
marine influence for all the units except the Munmorah Conglomerate

Herbert, 1993b

Postulated two maximum flooding surfaces in the Narrabeen Group in the northern
Sydney Basin

Loughnan, 1963

Studied petrology of the Narrabeen Group in a vertical section near Helensburg

Loughnan, 1969

Studied upper part of the Narrabeen Group in the northern part of the Sydney Basin

Loughnan, 1970

Considered the Garie Formation and Bald Hill Claystone to be flint clay and proposed

Table 1.4 (continued)

AUTHOR'S NAME

A BRIEF SUMMARY OF WORK
a transported lateritic clay source for these units

Loughnan et al., 1964

Considered a piedmont environment for the Bald Hill Claystone

Loughnan et al., 1974

Identified an oolitic claystone unit in the Banks Wall Sandstone in the western
Sydney Basin (Docker Head Claystone Member) and considered it to be equivalent to
the Garie Formation

McDonnell, 1974, 1980

Considered fluvial environment for the Gosford Formation in the northern
Sydney Basin

McElroy, 1957

Studied the petrology of the sandstones in the Southern Coalfield including the
Narrabeen Group

McElroy, 1969

Presented a study review on the Narrabeen Group

Naing, 1990, 1993

Studied trace fossils in the uppermost part of the Narrabeen Group

Raggatt, 1938

First showed a three-fold subdivision of the "Narrabeen Series" in the
Gosford-Wyong area

Retallack, 1975, 1977, 1980 Identified several palaeosol horizons in the upper part of the Narrabeen Group
(Bald Hill Claystone) north of Sydney
Reynolds, 1988

Studied the depositional environment of the Narrabeen Group in the southern part of
the Sydney Basin

Reynolds & Glasford, 1989

Considered a braid-plain system for the Bulgo Sandstone

Sherwin & Holmes, 1986

Studied the general geology of the Wollongong and Port Hacking area, including
the Narrabeen Group strata

Uren, 1980

Discussed the depositional environment of the Clifton Subgroup in the northeastern
Sydney Basin

Walkom, 1925

Studied plant fossils of the Narrabeen Stage of the Hawkesbury Series

Ward, 1971a, b, 1972, 1980 Presented a comprehensive study of the sedimentation of the Narrabeen Group
Wilkinson, 1888

First used name Narrabeen for the strata above the coal measures
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Table 2.1
Architectural elements in the fluvial deposits (after Miall, 1985a, 1988b, 1992c).

Element

Symbol

Principal facies assemblage

Geometry and relationship

Channel

CH

any combination

finger, lens or sheet; concave-up erosional base;
scale and shape highly variable; internal concave-up
3rd-order erosion surfaces common

Gravel bars

GB

Gm, Gp, Gt

and bedforms
Sandy bedforms

lens, blanket; usually tabular bodies; commonly
interbedded with SB elements

SB

St, Sp, Sh, SI, Sr, Se, Ss

lens, sheet, blanket, wedges; occurs as channel fills,
crevasse splays and minor bars

Downstream-

DA

St, Sp, Sh, SI, Sr, Se, Ss

accretion macroforms

lens resting on flat or channelled base, with convex-up
3rd-order internal erosion surfaces and upper 4th-order
bounding surfaces

Lateral-accretion

LA

macroforms

St, Sp, Sh, SI, Se, Ss

wedge, sheet, lobe; characterized by internal lateral-

less commonly Gm, Gt, Gp

accretion 3rd-order surfaces

Sediment gravity flow

SG

Gm, Gms

lobe, sheet; typically interbedded with GB elements

Laminated sand sheet

LS

Sh, SI; minor Sp, Sr

sheet, blanket

overbank fines

OF

Fm, Fl

thin to thick blankets; commonly interbedded with
SB elements; may fill abandoned channels

Table2.2
Lithofacies codes used in this study (modified after Miall, 1977, 1978b; *=new codes).

Fades Code

Fades

Sedimentary Structures

Interpretation

Gms

massive, matrix suported gravel

grading

debris flow deposits

Gm

massive or crudely bedded gravel

horizontal bedding, imbrication

longitudinal bars, lag deposits,
sieve deposits

Gld*

thin layer of gravel at base of channels

crudely bedded

channel floor lag deposit

Gt

gravel, stratified

trough cross-bedded

minor channel fills

Gp

gravel, stratified

planar cross-bedded

longitudinal bars, deltaic growths
from older bar remnants

Gis*

single line of ironstone calsts at base of

formed due to break down of ironstone

the migrating channels

bands and moved along channel floor

Gif*

massive intraformational conglomerate

crudely bedded

accumulation of ironstone clasts

Ge*

conglomerate filled small channels

massive and matrix-supported

scour and fill conglomerate

St

sand, medium to very coarse,

solitary or grouped trough

3-D dunes (lower flow regime)

may be pebbly

cross-beds

sand, medium to very coarse,

solitary or grouped planar

2-D dunes (linguid, transverse bars,

may be pebbly

cross-beds

sand waves), (lower flow regime)

Sr

sand, very fine to medium

ripple cross-lamination

ripples (lower flow regime)

Sh

sand, very fine to very coarse,

horizontal lamination,

may be pebbly

parting or streaming lineation

planar bed (upper flow regime)

sand, very fine to very coarse,

low angle (<10 ) cross-beds

scour fills, washed-out dunes,

Sp

Sl

may be pebbly

anti dunes

Table 2.2 (continued)

Facies Code

Facies

Sedimentary Structures

Interpretation

Slh*

inclined units with heterolithic lithology

low angle cross-bedding

laterally accreted bars

Se

erosional scours with intraclasts

crude cross-bedding

scours fills

Ss

sand, fine to very coarse,

broad, shallow scours

scour fills

may be pebbly
Sm*

fine to coarse-grained sandstone

massive

longitudinal sandy bars, upper flow regime

Fl

sand, silt, mud deposits

fine lamination, very small ripples

overbank or waning flood

Fsc

silt, mud

laminated to massive

backswamp deposit

Fcf

mud

massive, with freshwater molluscs

backswamp pond deposits

Fm

mud, silt

massive, with dessication cracks

overbank or drape deposits

Fib*

ironstone bands

c

coal, carbonaceous mud

plant, mud films

swamp deposits

p

carbonate

pedogenic features

palaeosol

chemically precipitated siderite

Table 2.3
Postulated correlation of the deposits above the Bulli Coal in the southern, central and northern parts of the Sydney Basin and in the Gunnedah Basin
(information based on Bunny, 1972; Diessel, 1980; Hamilton, 1993; Jian & Ward, 1993; Tadros, 1993b; Hill et al., 1994; Hamilton & Tadros, 1994;
and present study).

GUNNEDAH BASIN

NORTHERN SYDNEY BASIN

CENTRAL SYDNEY BASIN

SOUTHERN SYDNEY BASIN

Digby Formation

Munmorah Conglomerate

Scarborough Sandstone

Scarborough Sandstone

Tufaceous coaly unit

Upper fine-grained unit

Upper

Lithic conglomeratic unit

Dooralong

Comleroy

Black

BreezaCoal

Shale

Formation

Jack

Clare Sandstone Mb

Formation

Organic-rich mudstone unit

Hoskissons Coal Member

unnamed seam

Wombarra

Otford Sandstone Mb

Depositional

Middle fine-grained unit

System

Coal Cliff Sandstone Mb
Lower fine-grained unit

W allarah Seam

Bulli Coal

Bulli Coal

Table2.4

Subdivision of the Narrabeen Group succession based on genetic relationship of the strata.
DEPOSITIONL
AGE

SEQUENCE COMPLEX

CONVENTIONAL

DEPOSITIONAL
SYSTEM

SYSTEM

ENVIRONMENT

LITHOSTRATIGRAPHIC NAME

Hawkes bury

floodplain

Mittagong Formation

Middle

Hawkesbury

Depositional System

braided fluvial

Hawkesbury Sandstone

Triassic

Depositional

Newport

lagoonal deposits

Newport Formation

Sequence

Depositional System

ash-fall and accretionary lapilli

Garie Formation

Upper Bulgo

floodplain

Bald Hill Claystone

Depositional

low to moderate sinuosity

upper part of

System

mixed-load fluvial

Bulgo Sandstone

Middle Bulgo

sandy to gravelly

middle part of

Depositional System

braidplain

Bulgo Sandstone

Lower Bulgo

low sinuosity

lower part of

Depositional System

braided fluvial

Bulgo Sandstone

Scarborough

floodplain-floodbasin

Stanwell Park Claystone

Floodplain deposit B

Depositional System

sandy to gravelly bed-load fluvial

Scarborough Sandstone

Bedload fluvial dep. B

Illawarra

Wombarra

floodplain

Wombarra Shale

Late

Depositional

Depositional

interchannel lakes

Otford Sandstone Member

Permian

Sequence

System

bed-load & mixed-load fluvial

Coal Cliff Sandstone Member

Bulgo
Narrabeen
Depositional

Early
Depositional
Triassic

Complex
Sequence

shale above Bulli Coal

Floodplain deposit C
Mixed-load fluvial
deposit B
Braidplain fluvial
deposits
Bedload fluvial
deposit C

Floodplain deposit A
Bedload fluvial dep. A
Mixed-load fluvial
deposit A

TABLES TO CHAPTER 3

Table 3.1
The six principal lithofacies assemblages in gravel- and sand-dominated
braided river deposits (from Miall, 1978b; Rust, 1978b)
Name

Environmental setting

Main facies

Minor fades

Trollheim type
(GI)

proximal rivers
(prodominantely alluvial
fans) subject to debris flow

Gms,Gm

St, Sp, Fl, Fm

Scott type
GII)

proximal rivers (including
alluvial fans) with stream
flows

Gm

Gp, Gt, Sp,
St, Sr, Fl,
Fm

Donjek type

distal gravely rivers
(cyclic deposits)

Gm, Gt,
St

Gp, Sh, Sr,
Sp, Fl, Fm

South Saskatchewan
type (SII)

sandy braided rivers
(cyclic deposits)

St

Sp, Se, Sr,
Sh, Ss, Sl,
Gm, Fl, Fm

Platte type
(SHI)

sandy braided rivers
(virtually non-cyclic)

St, Sp

Sh, Sr, Ss,
Gm, Fl, Fm

Bijou Creek type
(SI)

ephemeral or prenial
rivers subject to flash
floods

Sh, Sl

Sp, Sr

Table 3.2
Summary of the lithofacies in the bed-load fluvial deposit B (a= abundant, c =common, r =rare).
Lithofacies

Abundance

Remarks

Gms

r

Occur mostly in the upper part of the conglomeratic unit with Gm lithofacies
as amount of matrix increases upward. It also occurs as solitary sandy
conglomeratic sets.

Gm

a

It is present as solitary units in the lower and middle parts and also as
coalesced conglomeratic mesoforms in the upper part.

Gt

r

Only present in the upper part of the sequence. It was probably formed
in places where channels were confined and deeper.

Gp

c

It is present only in the upper conglomeratic part of the unit, it normally shows

heterolithic foresets.
Gld

c

Occurs as thin gravelly layers at the base of the migrating channels throughout
the sequence.

Ge

r

Occurs as small channels cut down into the fine-grained deposits. It is present
in the middle of the sequence where floodplain deposits are present

St

c

Mostly occurs as medium scale troughs at the base of compound bars and
usually is covered by Sp lithofacies.

Sp

a

Occurs as solitary and superimposed sets through the unit. It is associated
with St, Sr and Fl lithofacies

Sr

r

It is mostly present in the middle part of the sequence as thin sandstone beds

encased in fine-grained deposits, and also on the top of the Sp and St lithofacies.
Sh

r

Normally occurs as thin layers on top of Sp lithofacies but in places it is
present as solitary layers.

Fl

r

Occurs as thick layers in the middle part of the sequence and also as thin
layers above Sp lithofacies in the uppermost part of sequence.

Fm

r

Only present in the middle part of the sequence.

Table 3.3
Summary of the architectural elements in the bed-load fluvial deposit B (a= abundant, r =rare).
Architectural
Element

Abundance

CH

r

Complete concave-up major channel elements have not been observed
but subordinate channels scoured down into the fine-grained deposits
are present.

GB

a

Gravelly bedforms are common and occur as both solitary and
coalesced units. It is particularly developed in the upper
conglomeratic unit and contains Gm, Gp, Gt and Ge lithofacies. It
normally produces mesoforms with concave-up lower boundary and
convex-up upper boundary.

DLA

a

It occurs as mesoforms and macroforms up to 5 m thick. It is mostly
composed of St, Sp and Sr lithofacies. It forms a major portion of the

Remarks

lower part and uppermost part of the sequence.
Lateral accretion elements related to point bar deposits have not been
observed. All the oliquely accreted beds are included in the DLA
architectural element..

LA

SB

r

occurs as lenses and sheets in the floodplain deposits and also as
lenses separating superimposed Gm lithofacies. It is mostly present
in the upper portion of the lower part.

OF

r

lbin beds of OF architectural element are present through the
sequence. 1bicker beds are present in the lower part and in
places are interbedded with SB architectural elements.

Table 3.4
Summary of the lithofacies in the bed-load fluvial deposit A (a= abundant, c =common, r =rare).
Remarks

Lithofacies

Abundance

Gms

r

Occurs as lenses of conglomerate and sandy conglomerate in the lower and
middle parts of the unit.

Gm

c

Normally is present as solitary lenses in the lower and middle parts of the
unit but, in places, it occurs as coalesced sets separated by sandstone
lenses.

Gp

r

In places, it is present as solitary lenses with heterolithic foresets.

Gld

r

Occurs as thin layers of gravel at the floor of migrating channels.

St

r

Occurs as small to medium scale troughs, normally below Sp lithofacies.

Sp

a

It is present as solitary and superimposed sets throughout the unit and normally
is covered by Sr and/or Fl lithofacies.

Sr

r

Occurs as thin layers of asymmetric linguoid current ripples above the Sp
lithofacies

Sh/Sm

Occurs throughout the unit, but is particularly abundant in the upper part.

Fl

r

This lithofacies is present as thin layers above the Sp and Sr lithofacies,
also as thick beds at the top of the sequence.

Fm

r

It is not present within the unit. A well developed Fm lithofacies is present
immediately above the sequence.

Table 3.5
Summary of the architectural elements in the bed-load fluvial deposit A (a= abundant, c =common, r =rare).
Remarks

Architectural
Element

Abundance

CH

r

Complete channel elements were not found, but concave-up scoured
surfaces with reliefs up to 50 cm are abundant. It is postulated that
essentially well developed channels were not involved.

GB

c

Developed in the lower and middle parts of the unit. It mostly occurs
as solitary mesoforms but superimposed GB elements are also present
in places and may be separated from each other by SB elements. Main
lithofacies are Gm and Gms.

DLA

a

Mainly occurs as mesoforms and poorly developed macroforms. It is
the main element in this unit. Dominant lithofacies are, Sp, Sm/Sh, St
and Sr.
Laterally accreted epsilon cross-bedding is not present, all obliquely
accreted sets are included in DLA element.

LA

SB

r

Occurs as sandstone lenses between superimposed GB elements and also
as thin sandstone layers in OF elements.

LS

r

Sandstone with Sm/Sh lithofacies are included in this element. This
element is particularly well developed in the upper part of the unit.

OF

r

Forms a minor portion of the unit. It occurs in the upper part of
the sequence.

Table 3.6
Summary of the lithofacies in the bed-load fluvial deposit C (a= abundant, c =common, r =rare).
Lithofacies

Abundance

Remarks

Gms

r

Normally ocurs as solitary conglomeratic to sandy conglomeratic units
through the sequence.

Gm

r

Occur as solitary conglomeratic lenses throughout the unit, associated with
Gms, St and Sp lithofacies.

Gt

r

Forms poorly developed medium scale troughs that were filled by sandy
conglomerate.

Gp

r

Occurs as units with heterolithic foresets.

Gld

c

Occurs as thin layers markedly coarser-grained than the surrounding deposits.
It covers floor of the migrating channels.

St

a

Occurs as medium to large scale troughs, mostly as superimposed cosets up to
a few metres thick.

Sp

a

It is present as solitary and superimposed sets throughout the sequence. In
places, it forms very thick units with heterolithic foresets.

Sr

r

Occurs as lenses in the floodplain deposits and also as thin layers above
the fining upward strata and Sp lithofacies.

Sh

r

Normally it is present as thin layers above Sp lithofacies.

Se

r

Occurs where shallow channels scoured down into the fine-grained deposits.

A

r

Present as thin layers at the top of fining upward units (bar-top). It is also
present as well-developed floodplain deposits.

Fm

r

This lithofacies is present as floodplain deposits and may contain SB elements
encased in it.

Table 3.7
Summary of architectural elements in the bed-load fluvial deposit C (a= abundant, c = common,
r =rare).
Remarks

Architectural
Element

Abundance

CH

r

Completly preserved concave-up channel elements are not present
but thick Sp lithofacies, large troughs and thick macrofonns indicate
relatively deep channels.

GB

c

Conglomerate occurs as Gm, Gms, Gp and Gt lithofacies. It mostly
forms solitary GB elements. In places, superimposed GB
elements are present that are separated by SB elements.

DLA

a

Occurs as mesoforms and macroforms with variable thickness.
DLA elements produced the thickest macrofonns in the Narrabeen
depoditional sequence. St, Sp, Sh, Sm and Sr lithofacies were
recognised in this element.

LA

Lateral accretion elements related to point bar deposits have not been
observed, though obliquely accreted sandbodies are present and are
included in DLA element.

SB

r

Occurs as sandstone lenses and sheets in floodplain deposits and also
as sandstone lenses separating GB elements.

LS

r

Occurs as sheet sandstone with Sh lithofacies.

OF

r

It is present as thin layers above the fining upward macrofonns.
In places, it occurs as thick floodplain deposits interbedded with
SB element.

TABLES TO CHAPTER 4

Table 4.1
Summary of the lithofacies in the braidplain

. deposits (a= abundant, c =common, r =rare).

Lithofacies

Abundance

Remarks

Gms

r

It mostly occurs as thin layers at the base of the thicker sandstone units, but
is present as individual thin layers as well.

Gld

r

Occurs as thin layers (normally up to few clasts thick) at the base of the
migrating channels.

St

r

Present as small to medium scale troughs in places.

Sp

a

Occurs as laterally extensive sand sheets and sometimes as superimposed units.
It is normally covered by fine-grained deposits.

Sr

r

Occurs as asymmetrical current rippls above the host bed forms and in the
fine-grained deposits. It was deposited during the waning stage of floods.

Sh

c

Tilis lithofacies was deposited as upper flow regime deposits. It mainly present
sandy longitudinal bars.

Sm

r

Some of units with this lithofacies are considered to have been deposited
in the upper regime and some are deposited from suspension in floodplain
setting.

Slh

r

Occurs as beds up to 1 m thick composed of heterolithic sandstone and
mudstone with low angle foresets. This lithofacies was formed by the
lateral accretion of loacll y developed point bars or bank-attached and
in-channel bars.

A

c

It is mostly composed of siltstone and mudstone; claystone is rare. The A

lithofacies represent a coarse floodplain deposits.

Fm

r

Massive mudstone is locally developed and shows deposition of floodplain
deposits in locally developed depressions.

Table 4.2
Summary of the architectural elements in the braidplain :
Architectural

Abundance

. deposits (a= abundant, c =common, r =rare).
Remarks

Element
CH

Concave-up channel elements have not been observed, but lag deposits
indicating the base of migrating shallow channels are present. Channels with
well developed banks may have not been involved in these deposits.
Channels were broad and their margins may slope at a few degrees.

GB

Gravels are only present as channel lag deposits or as a thin layer at base of
the thicker 1sandstone units. Deposits of gravel-size grains are not thick
enough to form a gravelly bedform element.

DLA

c

LA

TIIis architectural element occurs as superimposed planar cross-bedded
sandstone and also as heterolithic low angle cross-bedded sandstone. It was
produced by downstream to lateral accretion of bedforms.
Heterolithic low angle cross-bedded sandstone units are included in the
DLA element. Typical LA element indicating point bar deposit have not
been observed.

SB

a

TIIis is the most abundant architectural element in the braidplain deposits. It
occurs as laterally extensive sheet-like sandstone units interbedded with
fine-grained deposits. The sandstone units mostly show planar cross-bedding.
Massive sandstone encased in the fine-grained deposits is also considered
to belong to this element.

LS

c

Plane-bedded and some of massive sandstone beds are considered to form
the LS architectural element. These mostly laminated sanstone units were
deposited in an upper flow regime condition.

OF

c

Occur as thin deposits interbedded with sandstone units. It is mostly
composed of siltstone and mudstone and forms coarse floodplain deposits.
In places it is thick and contain claystone; it may have interbeds of
fine-grained massive to ripple cross-laminated sandstone.

TABLES TO CHAPTER 5

Table 5.1

Summary of the lithofacies in the mixed-load fluvial deposit A (a= abundant, c =common, r =rare).
Lithofacies

Abundance

Gm

r

Present only as solitary lenses in the lower part of the unit and is bounded
by the erosional surfaces at the base. It represents longitudinal bar
deposits in the channel.

Ge

r

Occurs as small channels filled with sandy conglomerate.

Gis

c

Present as ironstone clast stringers at the base of erosional surfaces
(fifth-order bounding surfaces). They are interpreted as locally derived
channel floor lag deposits, mostly due to the reworking of ironstone
bands from the fine-grained units.

Gif

r

Produced by the accumulation of the Gis lithofacies in places.

St

a

Occurs as solitary, grouped, small and large scale trough cross-bedded
sandstone. It is normally present in the lower part of the macroforms.

Sp

a

Present as solitary and superimposed units up to 1.2 m in thickness.
The Sp lithofacies often occurs above the St lithofacies.

Sr

a

Developed as thin bar-top layers, extensive crevasse splays and sheet flood
deposits. It also occurs as thick levee (or bar-top) units at the top of the
uppermost preserved macroform. It is present mostly as non-climbing
current ripples. The Sr lithofacies may also occur as symmetrical wave
generated ripple marks in pond-like environments on the floodplain.

Sh

r

Occurs as thin bar-top layers of upper flow regime plane beds.

Fl

c

Present as layers of laminated mudstone with variable thickness. The Fl
lithofacies may or may not contain crevasse splay and ironstone bands.
It representsbar-top and floodplain deposits.
It does not occur within the mixed-load fluvial deposit A It only occurs in
the main shaly unit which is present above the mixed-load fluvial deposit A

Fm

Fib

Remarks

c

Occurs as ironstone bands in the fine-grained deposits. Band thickness ranges
from 1 cm to more than 15 cm. It was probably deposited in a pond-like
environment on the floodplain. The ironstone bands and clasts are covered
by a rim of hematite which is of secondary origin.

Table 5.2

Summary of the bounding surfaces in the mixed-load flu vial deposit A
Bounding Surfaces

Remarks

First-order surfaces

They bound sets of cross-bedded units with little or no internal
erosion. Howerver, subtle erosion due to the reactivation
surfaces may be present on the lee sides of the cross-bedded
sets.

Second-order surfaces

These surfaces bound cosets of cross-bedded units and indicate
changes in flow direction or condition. Lithofacies below and
above these surfaces are often different.

Third-order surfaces

These surfaces bound 2- or 3-D dune (mesoform) deposits
or separate them within the macroforms. They normally have
a truncated lower boundary. The third-order surfaces are
laterally extensive and sometimes their upper part is capped by
fine-grained deposits.

Fourth-order surfaces

Top of the uppermost sandbody (macroform) is bounded by
these surfaces which extend laterally for tens of meters.
In the studied area these surfaces separate the in-channel and
bar-top deposits from the floodplain deposits.

Fifth-order surfaces

In the studied area, these surfaces are abundant and bound the
base of the subordinate channels. They are hundreds of meters
in lateral extent and normally are paved by a single line of
ironstone lag deposits. These erosional surfaces are produced
by the lateral migaration of the macroforms.

Sixth-order surfaces

This is the largest scale bounding surface present in the mixedload tluvial deposit A. It bounds the base of this unit and
extends laterally for several kilometers. It is a major scoured
surface produced by the channel scouring into the underlying
strata and is normally paved by the channel floor lag deposits.

Table 5.3
Summary of the architectural elements in the mixed-load flu vial deposit A (a= abundant,
c =common, r =rare).
Architectural
Element

Abundance

Remarks

Concave-up channel elements have not been observed, but indirect
criteria like closely spaced erosional surfaces with lag deposits,
in-channel deposits, bar-top and floodplain strata with crevasse splays
are abundant. All of these, plus the presence of the thick
macroforms, indicate that relatively deep channel have been involved.

CH

GB

r

Occurs as solitary mesoforms and is only present in the lower part
of the unit. It represents longitudinal bars in the channel. In places
the ironstone clasts have accumulated and formed a GB element. Its
lower boundary is erosional (fifth-order bounding surface) and is
paved by channel floor lag deposits.

DLA

a

Occurs as mesoforms and macroforms that have been deposited in
the main channels and are bounded by fifth- or sixth-order
surfaces at the base and third- or fourth-order surfaces at the top.
The mixed-load flu vial deposit A is mainly composed of this element.

LA

r

Typical LA elements with epsilon cross-bedding have not been
obseved in these deposits. However, heterolithic units with low angle
cross-bedding are rarely present and are interpreted to represent
the LA architectural element.

SB

c

Occurs as sandstone lenses and sheets interbedded with the OF
element. It is well developed in the upper part of the unit, but in
places it is present in the lower part of the sequence as well. It
may represent bar-top, crevasse splay or sheet flood deposits.

OF

c

This element occurs as thin layers within the mixed-load sequence
and also as thick units at the top of the sequence which are
interbedded the SB elements. It is mostly composed of the R
lithofacies and normally contains interbeds of sandstone with the Sr
lithofacies.

Table 5.4
Summary of the lithofacies in the mixed-load fluvial deposit B.

Lithofacies

Abundance

Remarks

St

c

Occurs as cosets of medium to large troughs and is interpreted to represent
3-D dune deposits which have been deposited in the deeper parts of the
channel.

Sp

c

Present as sets and cosets up to 1 min thickness. It is mostly capped by
Sr or A lithofacies.

Sr

c

Developed as thin layers of asymmetric linguoid current ripples above the Sp
and/or St lithofacies

Sh

c

The Sh lithofacies is particularly abundant as lenses and sheets of fineto medium-grained sandstone encased in the A lithofacies. It is interpreted
to represent bar-top, crevasse splay and sheet flood deposits.

A

a

This lithofacies occurs as thin layers above the Sp and/or St lithofacies. It
may be present as thick units interbedded with the Sh and Sr lithofacies. It
is interpreted to represent bar-top and floodplain deposits.

Table 5.5
Summary of the architectural elements in the mixed-load fluvial deposit B (a= abundant, c =common).

Architectural
Element

Abundance

Remarks

CH

Major channels with concave-up lower boundaries have not been
observed, but indirect criteria indicating relatively deep channels
are abundant in this area. These criteria include the large 2- and 3-D
dunes and their bar-top deposits.

GB

The absence of this element may be related to a lack of coarsegrained materials available to the river. Preserved sedimentary
structures indicate that river(s) have been able to transport gravel
size materials.

DLA

a

Occurs as solitary and grouped sets of planar and trough cross-bedded
sandstone. A well developed DLA element is present in the lower
part of the unit and another one is present in the upper part of the
mixed-load fiuvial deposit B.
Typical laterally accreted epsilon cross-bedding has not been
observed in this area. All the obliquely accreted units are included
in the DLA architectural element.

LA

SB

c

Occurs as lenses and sheets of sandstones with Sh, Sr and Sp
lithofacies which are encased in the OF architectural element. It
is also present as bar-top deposits with the Sr lithofacies.

OF

a

It mostly occurs as thick units that are interbedded with the SB
architectural element. It indicates a well developed coarse-grained
floodplain deposit. The OF architectural element is also present
as bar-top units deposited above the in-channel dunes. This
architectural element is mainly composed of Fl lithofacies.

TABLES TO CHAPTER 6

Table 6.1

Summary of the lithofacies in the lower fine-grained unit of the floodplain deposit A (a = abundant,
c =common, r =rare).
Lithofacies Abundance
p

r

Remarks
In places, it occurs in lower part of the unit adjacent to the Bulli Coal and

separates the Bulli seam from the overlying highly carbonaceous mudstone.
Rootlets are present in bore hole samples.

c

r

It occurs as highly carbonaceous mudstone above the Bulli Coal. In
places it is massive with conchoidal fracture. This unit marks the last
peat accumulation in the southern Sydney Basin. Its high inertinite
content is probably due to repeated oxidation above the water-table or
influx of oxygen-rich waters into the depositional environment.
Mudcracks are present and indicate that the area was dried out in places.

Fl

a

Occurs as thick units and often contains interbeds of fine-grained
sandstone. Symmetrical ripple marks are also present in this unit
indicating the presence of oscillatory currents probably produced by
wind action on the surface of a shallow water environment which
prevented further peat accumulation in this area. Reptilian foot prints
have been reported from lower part of this lithofacies.

Fm

c

This lithofacies occurs as grey to dark grey massive mudstone. It
contains abundant carbonaceous material but did not form peat. This
lithofacies is interpreted as a backswamp environment.

Sr

r

It is present as thin layers of fine-grained sandstone in the mudstones units.
It mostly occurs as symmetrical ripple marks and is interpreted to have
formed in a shallow water environment

Table 6.2
Summary of the lithofacies in the middle fine-grained unit of the floodplain deposit A (a = abundant,

c = common, r = rare).
Lithofacies Abundance

Remarks

Sp

r

Occurs as thin layers of planar cross-bedded fine- to medium-grained
sandstone. It is only present in the lower part of the unit and is associated
with the Sr lithofacies. It is interpreted to represent crevasse splay
deposits.

Sr

r

It is present as thin layers of fine-grained sandstone with ripple crosslamination. This lithofacies is only present in lower part of the unit and is
interpreted to represent distal crevasse splay deposits.

Sh

c

This lithofacies occurs through the unit and normally is between 10 cm
to 30 cm thick but, exceptionally, thicker beds are present in places. The
plane-bedded sandstone is interpreted torepresent pulses of fine- to
medium-grained sandstone in the distal floodplain environment. Each of
these layers indicates one flood event.

Sm

c

Occurs as featureless fine- to medium-grained massive sandstone
through the unit. Lack of current induced sedimentary structures and
abundant mica in these deposits indicate that they have been deposited
from suspension. In places, beds with the Sm lithofacies are quite thick
and are interpreted to represent large influxes of coarse material into a
stagnant body of water, probably a pond-like environment in the floodplain
setting.

R

a

This lithofacies is well developed through the unit, particularly in the lower
part. In places it is interbedded with the Sr, Sp and Fib lithofacies.
The Fl lithofacies is interpreted to be deposited from suspension in the
floodplain area. It is mostly light grey in colour.

Fm

a

The Fm lithofacies is abundant, particularly in middle part of the unit. It is
mainly grey to dark grey in colour. This lithofacies is interpreted to
represent distal floodplain deposits which accumulated under reducing
conditions.

Fib

c

Ironstone bands are abundant in the lower part of the unit and are
interbedded with the Sr, Sp and Fl lithofacies. They range in thickness
from 1 cm to 110 cm. The ironstone bands represent chemical deposition
of siderite in a pond-like environment.

p

c

Palaeosols are not developed in the coastal outcrops probably due to a
lower topographic level or erosion but they are well developed in the
studied bore holes farther to the wast. They indicate subaerial exposure
of the floodplain area.

Table 6.3
Summary of the lithofacies in the upper fine-grained unit of the floodplain deposit A (a = abundant,
c =common, r =rare).

Lithofacies Abundance

Remarks

Sr

r

It is present as thin layers of fine-grained sandstone with ripple crosslamination. The Sr lithofacies is only present in the lower part of the unit
and is interpreted to represent current ripples in floodplain area.

Sh

c

This lithofacies occurs only in the upper part of the unit in the coastal
outcrops. The Sh lithofacies is interpreted to represent pulses of
sediments into the floodplain area during large floods. Lack of current
induced sedimentary structures in this lithofacies indicate that these strata
were deposited from suspension in a shallow water environment.

Sm

r

Occurs as featureless fine- to medium-grained massive sandstone and
is only present in the upper part of the unit in the coastal outcrops. This
lithofacies is associated with the Sh lithofacies and is interpreted to
represent pulses of sediment into the floodplain area during floods.

A

a

This lithofacies is well developed in the lower part of the unit. It is also
present in the upper part of the unit. This lithofacies is interpreted to
be deposited from suspension in the floodplain area.

Fm

a

The Fm lithofacies is particularly abundant in the middle and uppermost
parts of the unit. It is grey in colour and is interpreted to represent distal
floodplain deposits. Paucity of carbonaceous matter in this unit may
indicate that plant communities were not well developed.

p

c

Palaeosols are not developed in this unit. The only suspected palaeosol
horizon is a mottled zone in the Iluka 55 bore hole at depth of 407 .0 m.

Table 6.4
Summary of the lithofacies in the floodplain deposit B (a= abundant, c =common, r =rare).
Lithofacies Abundance

Remarks

Gm

r

This lithofacies mostly occurs as dark grey green granule conglomerate at
the base of the thick sandstone units. The conglomeratic units are
featureless and are interpreted to represent basal part of crevasse channels
and sheets floods.

Sm

c

Massive sandstone occurs through the sequence and is mostly composed
of reworked materials from the adjacent deposits. The sandstone is fretted
and normally has an erosional lower boundary and shows a fining upward
trend. Thickness of these sandstone units may reach more than 3 m.
these units are interpreted to represent small channel deposits; probably
crevasse channels in the floodplain area.

Sh

c

The plane-bedded sandstone is associated with the massive sandstone
and is present through the sequence. This lithofacies is interpreted to
represent crevasse sheets.

R

a

Laminated mudstone mostly occurs in the lower part and is interbedded
with fine-grained sandstone beds. This lithofacies is interpreted to
represent proximal floodplain deposits. Each sandstone unit shows the
early stage of flooding which is followed by the mudstone deposited in
the later stages.

Fm

a

This lithofacies is abundant, particularly in the middle and upper parts
of the sequence. It is grey, grey green and in places purple in colour;
colour banding is also present. The massive mudstone was deposited in
a distal floodplain environment. Variation in colour is due to different
oxidation-reduction conditio,ns.

p

c

In Iluka 55 bore hole a palaeosol horizon was recognised at depth from
359.23 m to 360.74 m that contain sparse rootlets. Well developed
palaeosol horizons have not been observed in the coastal outcrops.

Table 6.5
Summary of the lithofacies in the floodplain deposit C (a= abundant, c =common, r =rare).

Lithofacies Abundance

Remarks

Gm

r

Occurs in two forms; one is at the base of the thicker sandstone units
and the second one is as individual beds. The former mostly contains
rounded grains while the latter mostly has angular to subangular grains
(breccia). Grains in both conglomerate and breccia are locally derived
from reworking of the adjacent strata. These coarse-grained materials
indicate the presence of the strong currents at the time of deposition.

Sm/Sh

r

Sandstone is present in this unit as layers ranging in thickness from
less than 10 cm to about 3 m. They are normally seem to be featureless,
but in places may be crudely horizontally bedded. Sandstone is mostly
composed of reworked material from the adjacent strata. Thin
sandstone units are interpreted to be crevasse splays. However, thick
sandstone units with fining upward trends and erosional lower boundaries
represent crevasse channel deposits.

Fl

r

Occurs as grey to dark grey mudstone units up to 1.3 m thick and tens
of metres in lateral extent. It is well laminated in places and contains
abundant plant fossils. These beds are interpreted to represent locally
developed flood basin or backswamp deposits in poorly drained
low lying areas in the floodplain environment.

Fm

a

Reddish-brown massive claystone is the main lithofacies in this unit. It
shows conchoidal fracture and in places onion-skin weathering may be
present. This lithofacies is interpreted to represent well drained distal
floodplain deposits. Abundant copper enrichments are present in
reduction spots related to the organic matter (plant remnants).

p

c

The floodplain deposit C is essentially composed of the stacked palaeosols.
A well preserved palaeosol occurs in the uppermost part of the sequence.
A silcrete zone is also recognised in the lower part of the floodplain
deposit C. Presence of the palaeosols in this sequence indicate that the
area was frequently exposed during deposition.

TABLES TO CHAPTER 8

Table 8.1
Summary of the characteristics of the petrographic constituents of the coarse-grained units
of the Narrabeen Group sequence.

Components
Plutonic quartz

Remark
Occurs mostly as subangular to subrounded grains exhibiting mainly straight extinction.
Zircon and muscovite are common inclusions in the larger quartz grains and they may
contain abundant vacuoles.

Volcanic quartz

It is present mostly as subhedral grains that may show embayments. Grains are
mostly inclusion-free, but sometimes a zone of inclusions may occur near the
outer margin of the grains resembling quartz overgrowths. These grains show straight
extinction and are present as subangular to subrounded grains.

Metamorphic

Occurs as mosaics of the elongated interlocked subgrains showing preferred

quartz

orientation. The grains are mostly subangular to subrounded. Boundaries between
the subgrains is mostly irregular and sutured, though straight boundaries are also
present. These grains usually show an undulose extinction.

Vein quartz

The vein quartz occurs as mono- and polycrystalline quartz containing various amounts
of fluid inclusions. It is present as subangular to subrounded grains and the abundance
of inclusions causes it to have a dirty appearance.

Quartz

Some of the samples show well developed quartz overgrowths. They are separated

Overgrowth

from the original grains by a rim of clay of iron oxide. SEM studies showed well
crystallised eubedral quartz overgrowths.

Feldspar

Occurs as both potassium and plagioclase feldspar which are mostly altered to
clay minerals. Their cloudy appearance is due to alteration and may cause problem to
distinguish them from the chert grains. In thin section may altered and unaltered
feldspars are present and are attributed to alteration in the source area.
Carbonate replacement of the feldspar grains is common.

Rock fragments

Rock fragments are the main component of the studied succession. All three kinds
of igneous, sedimentary and metamorphic rock fragments are present, with the igneous
rock fragments being the most important one.

Volcanic rock fragments mostly exhibit relict igneous textures and are composed of
silicic to intermediate volcanic rocks. Grains are subangular to subrouned and mostly
are altered to the sericite.

Table 8.1 (continued)
Components

Remark

Metamorphic rock fragments occur as subangular to subrounded grains that show
schistose and slate textures. Some of the rock fragments or metamorphic quartz grains
show preferred orientation of the elongated subgrains.

Sedimentary rock fragments including chert, sandstone, siltstone and mudstone are
abundant. They occur as subrouned to subangular grains and are normally coarser than
the surrounding grains.

Biotite

Biotite is much less than muscovite, possibly due to the alteration to clay minerals. It
occurs as platy grains. Birefrengence is masked by the dark brown colour of the grains.

Muscovite

Muscovite is relatively abundant in the fine-grained sandstone and mudstone. Its
abundance compared to the biotite is possibly related to the greater chemical stability.
It is normally coarser than the surrounding grains due to the lower density. It also
occurs as inclusion in the quartz grains. Most of the grains show variable degree of
alteration to the sericite/illite. It also was detected in most of the fine-grained deposits
studied by XRD.

Clay minerals

Occur as matrix and/or cement Kaolinite is distinguishable by its platy and vermicular
grains in the large pore spaces. They show an irregular extinction and sometimes it was
not possible to differentiate them from finely crystalline chert. Kaolinite and
illite/smectite are recognised by SEM .

Oxides

Oxides are present as opaque mineral and are mostly composed of hematite and other
iron oxides. They are present as both detrital grains and as authigenetic coating grains.

Heavy minerals

Occur as fine-grains and mostly composed of zircon, but tourmaline, rutile and
leucoxene were also recognized. The grains may show euhedral to subhedral shape.

Carbonates

Occur as cement. XRD analysis revealed that they are composed of siderite, calcite and
ankerite with being the former the most dominant one. Two clear sets of cleavages are
normally present. Rhombs of carbonate are present in many samples and clearly show
the authigenetic origin of these carbonates. Carbonate replacement is also a common
phenomenon occurring in quartz, chert and feldspars.

Table 8.2

Texture of the coarse-grained units of the Narrabeen Group succession.
Grain Size (mm)
Sample No.

Formation

Max.

Min.

Mode

IL-55-145.80

Newport

0.4

0.02

0.2

IL-55-154.30

Newport

0.7

0.1

0.4

IL-60-181.40

Newport

0.9

0.05

0.4

IL-55-191.40

Bulgo

0.4

0.01

0.25

IL-55-227.25

Bulgo

0.7

0.05

0.3

IL-55-248.80

Bulgo

0.2

0.01

0.1

IL-55-270.60

Bulgo

0.7

0.02

0.25

IL-55-294.40

Bulgo

2.5

0.05

0.5

*

IL-55-297.10

Bulgo

0.4

0.02

0.25

*

IL-55-304.70

Bulgo

1.7

0.2

0.6

*

IL-60-324-70

Bulgo

7

0.1

0.6

*

IL-60-325.10

Bulgo

0.7

0.08

0.25

IL-55-329.80

Bulgo

1.2

0.07

0.2

IL-55-332.81

Bulgo

6

0.1

0.5

*

IL-60-350.30

Bulgo

1.1

0.08

0.4

*

IL-60-360.15

Bulgo

0.3

0.03

0.1

Ang.

Subang. Subround.

*
*
*
*
*
*
*

*
*

*

Maturity

Sorting

Roundness
W.Roun.

P.S.

M.S

w.s. v. w.s.

lmat. Submat. Mature Supermat.

*

*

*

*
*
*

*
*

*

*

*

*

*

*
*

*
*

*
*

*
*

*

*

*

*
*

*
*
*

*
*
*

Table8.2

(continued)

Grain Size (mm)
Sample No.

Formation

Roundness

Max.

Min.

Mode

IL-55-344.50 Stanwell Park

2.5

0.05

0.2

IL-55-373.30

Scarborough

0.4

0.02

0.1

IL-55-388.30

Scarborough

8

0.02

3

IL-60-414.80

Scarborough

5

0.02

0.5

IL-55-427.70

Wombarra

1.75

0.05

0.4

IL-60-4 36.40

Wombarra

0.35

0.03

0.1

IL-60-459.70

Coal Cliff

0.4

0.01

0.15

IL-60-468-80

Coal Cliff

2.2

0.05

0.4

IL-60-474.20

Coal Cliff

0.1

0.01

0.03

Ang.

Subang. Subround.

*
*

Sorting
W.Roun.

P.S.

M.S

*

w.s. v.w.s.

Maturity
Imat. Submat. Mature Supermat.

*
*

*
*
*
*
*
*
*

*
*

*
*
*

*
*

*
*

*
*
*

*
*
*

Table 8.3
Semi-quantitative analysis of the fine-grained deposits of the Narrabeen Group succession (A= >50%; C = 30%-50%; P = 10%-30%; T = <10%; - = not detected).

Catalogue
Number

Sample
Number

Formation

14885

IL-55-148.90

Newport

14886

IL-55-157.90

Newport

14936

MD-BH-22

Garie

14904

IL-60-179 .40

Garie

-

A

-

-

-

T

14937

MD-BH-25

Bald Hill

-

A

-

-

-

14935

MD-BH-18

Bald Hill

-

A

-

-

14934

MD-BH-14

Bald Hill

-

A

-

14933

MD-BH-11

Bald Hill

T

A

14932

MD-BH-8

Bald Hill

-

14931

MD-BH-5

Bald Hill

14930

MD-BH-2

Bald Hill

14938

MD-BH-COP

Bald Hill

14888

IL-55-162.70

Bald Hill

p

c

p

14889

IL-55-173.60

Bald Hill

T

A

T

14905

IL-60-191.00

Bald Hill

T

A

-

-

-

T

p

14906

IL-60-191.50

Bald Hill

T

A

-

-

-

T

T

Quartz Kaolinite

Hematite

Other

-

-

malachite

-

-

T

-

-

T

p

-

-

-

A

-

-

-

T

p

-

A

-

-

-

-

p

c

c

c

-

-

-

p

c
c

c
c

Illite/Smectite
Mixed-layer
Muscovite/Sericite Clay Minerals

Montmorillonite/
Chlorite

Siderite

p
T

p

A

p

A

cuprile
anatase

Table 8.3 (continued)
Montmorillonite/
Chlorite

Siderite

Hematite

-

-

-

c

T

-

-

T

A

T

-

-

T

c

-

A

-

-

-

T

T

Bald Hill

T

A

T

-

-

-

MD-BU-13

Bulgo

T

p

T

T

14940

MD-BU2-3

Bulgo

c
c

p

c

p

T

14890

IL-55-180.30

Bulgo

A

p

p

T

p

T

14891

IL-55-204.00

Bulgo

c

p

p

T

T

T

15751

IL-55-240.55

Bulgo

A

p

c

T

-

-

14912

IL-60-222.15

Bulgo

c

p

T

T

berlinite

14913

IL-60-236.70

Bulgo

p

p

p

T

anatase

14914

IL-60-278.85

Bulgo

T

T

T

T

-

-

anatase

15752

IL-55-316.64

Bulgo

p

T

p

-

-

-

anatase

14892

IL-55-328.80

Bulgo

p

p

T

14895

lL-55-353.00

Scarborough

p

c

T

T

14896

IL-55-360.20

Scarborough

p

T

p

T

14949

MD-SC-8

Scarborough

c
c
c
c
c
c
c
c

p

T

p

Catalogue
Number

Sample
Number

Formation

14907

IL-60-201.00

Bald Hill

-

A

-

14908

IL-60-204.10

Bald Hill

T

A

14909

IL-60-205.00

Bald Hill

T

14910

IL-60-208.80

Bald Hill

14911

IL-60-211.80

14939

Quartz Kaolinite

lllite/Smectite
Mixed-layer
Muscovite/Sericite Clai Minerals

Other

p

-

clinoclase
sepiolite

T

anatase

Table 8.3 (continued)
Catalogue
Number

Sample
Number

Formation

14945

MD-SP-17

Stanwell Park

T

p

T

T

14944

MD-SP-15

Stanwell Park

T

p

T

T

14943

MD-SP-9

Stanwell Park

T

p

T

T

T

14942

MD-SP-8

Stanwell Park

T

p

T

T

T

14941

MD-SP-1

Stanwell Park

c

T

T

T

14948

MD-SPl-13

Stanwell Park

T

c

T

-

-

14947

MD-SPl-8

Stanwell Park

p

p

p

T

14946

MD-SPl-4

Stanwell Park

c
c

p

p

p

T

T

14893

IL-55-335.30

Stanwell Park

T

p

p

p

14894

lL-55-340.20

Stanwell Park

T

c

p

p

-

T

15749

IL-55-343.4

Stanwell Park

c

p

p

T

T

T

15750

IL-55-345.60

Stanwell Park

T

T

T

p

T

T

14915

IL-60-391.20

Stanwell Park

c

T

p

T

T

14917

IL-60-393.50

Stanwell Park

T

T

p

T

T

14951

MD-W0-14

Wombarra

c

p

p

p

T

14950

MD-W0-5

Wombarra

p

p

T

T

T

15748

IL-55-402.55

Wombarra

p

p

p

T

14898

IL-55-410.20

Wombarra

c
c

c

p

p

T

Quartz Kaolinite

Illite/Smectite
Mixed-layer
Muscovite/Sericite Clay Minerals

Montmorillonite/
Chlorite

Siderite

Hematite

Other

T
T
T
halloysite-7A

T
-

T

anatase
geothite

T

-

anatase/rutile

Table 8.3 (continued)
Catalogue
Number

Sample
Number

Formation

Quartz Kaolinite

14899

IL-55-420.50

Wombarra

14900

IL-55-421 .60

Wombarra

14901

IL-55-425.20

Wombarra

14902

IL-55-431.95

Wombarra

14919

IL-60-440.50

Wombarra

14920

IL-60-444.20

Wombarra

14921

IL-60-444.80

Wombarra

c
c
c
c
c
c
c

14922

IL-60-450.00

Wombarra

14923

IL-60·458.70

14924

lllite/Smectite

Mixed-layer

Muscovite/Sericite Clai Minerals

Montmorillonite/
Chlorite

Siderite

Hematite

-

T

T

-

T

-

T

p

p

T

T

T

T

p

p

p

p

T

p

T

p

c

T

T

T

T

T

-

T

T

T

T

p

p

T

T

-

T

Wombarra

c

T

p

T

T

T

IL-60-459.10

Wombarra

p

p

p

T

-

T

14903

IL-55-443.80

Coal Cliff

p

c

T

14952

MD·CC-1

Coal Cliff

p

p

p

14926

IL-60-476.50

Coal Cliff

A

p

c

14927

IL-60-481.00

Coal Cliff

p

IL-60-483.45

Coal Cliff

c
c

c

14928

p

p

14929

IL-60-485.20

Coal Cliff

c
c
c
c
c
c

p

p

T

14974

MD-CC-SO- I l

Coal Cliff

p

p

14975

MD-CC-SI-11

Coal Cliff

p

T

T

T

-

T

-

T

Other

anatase

anatase

anatase

microcline
p

T

c
c

marcasite

Table 8.3 (continued)
Catalogue
Number

Sample
Number

Formation

14976

MD-CC-S0-3.1

Coal Cliff

p

T

T

T

14977

MD-CC-SI-3.1

Coal Cliff

p

T

T

T

14978

MD-CC-SO

Coal Cliff

p

T

-

14979

MD-CC-SI

Coal Cliff

p

Quartz Kaolinite

Illite/Smectite
Mixed-layer
Muscovite/Sericite Cla.r Minerals

T

-

Montmorillonite/
Chlorite

-

Siderite Hematite

c
c
c
c

Other

T

-

albite, calcite
clinochlore

Table 8.4
Compositional data of the siderite samples.
CAT.NO.

FIELD NO.

mol% MgC03

mol% CaC03

mol% MnC03

mol% FeC03

14972

MD-WOS-2

15.4

0.1

14972

MD-WOS-2

7.5

5.6
16.0

2.6

79.0
74.0

14972

MD-WOS-2

17.1

11.9

1.7

69.3

14972

MD-WOS-2

5.6

12.3

4.9

77.1

14972

MD-WOS-2

6.9

17.3

4.3

71.5

14972

MD-WOS-2

8.6

15.4

21.0

55.0

14972

MD-WOS-2

18.3

12.4

2.9

66.4

14972

MD-WOS-2

15.6

11.7

1.2

71.5

14972

MD-WOS-2

17.7

12.7

1.7

67.9

14972

MD-WOS-2

20.5

19.4

0.5

59.6

14972
14972

MD-WOS-2
MD-WOS-2

17.7
17.4

9.9
12.9

2.7

69.6

MD-WOS-2

14.8

13.7

1.3
1.4

68.3

14972
14972

MD-WOS-2

11.3

13.1

4.0

71.6

14972

MD-WOS-2

15.7

0.9

69.6

14972

MD-WOS-2

17.0

13.8
11.4

MD-WOS-2

5.0

12.2

1.3
4.3

70.3

14972

13.7

13.0

1.3

69.9

94.1

3.0
0.5

AVERAGE

70.0

78.5

14971
14971
14971

MD-WOS-1
MD-WOS-1
MD-WOS-1

0.9
1.9
0.0

97.5
94.3

1.9
0.0
4.5

14971

MD-WOS-1

0.1

91.9

5.7

1.1
2.3

14971

MD-WOS-1

0.0

93 .9

4.4

1.7

14971

MD-WOS-1

0.0

94.7

4.2

1.1

14971

MD-WOS-1

0.0

94.2

4.4

1.4

14971

MD-WOS-1

0.0

94.4

4.5

1.1

14971

MD-WOS-1

0.4

93.1

4.6

1.8

14971
14971

MD-WOS-1

0.0

95.2

3.4

1.4

MD-WOS-1

0.0

4.8

1.2

0.3

93.9
94.3

3.9

1.5

AVERAGE
14970

MD-CCS-4

9.9

4.5

4.8

80.8

14970

MD-CCS-4

12.4

6.0

2.5

79.1

14970

MD-CCS-4

8.9

7.6

11.3

72.2

14970

MD-CCS-4

12.4

4.7

4.0

78.8

14970

MD-CCS-4

9.2

10.5

7.8

72.4

14970

MD-CCS-4

12.3

4.0

3.2

80.5

14970
14970

MD-CCS-4
MD-CCS-4

4.7

7.5
9.9

3.7
8.9

84.1

3.2

78.0

Table 8.4 (continued)
CAT.NO.

FIELD NO.

mol% MgC03

mol% CaC03

mol% MnC03

mol% FeC03

14970
14970
14970
14970

MD-CCS-4

14.8

5.6

4.1

75.5

MD-CCS-4
MD-CCS-4
MD-CCS-4

2.4

11.3

14.1

11.4
12.1

5.3
4.0

3.8

14970

MD-CCS-4

6.1

6.1

72.2
79.6
76.3
82.6

14970

MD-CCS-4

6.4

8.1

14970

MD-CCS-4

8.5

14970

MD-CCS-4

14970

7.5
5.3

78.1

9.1

7.5
8.4

15.2

7.0

2.0

75.7

MD-CCS-4

11.2

6.4

2.9

79.5

14970

MD-CCS-4

4.2

8.3

8.3

79.2

14970
14970

MD-CCS-4

7.1
10.8

6.0
4.9

80.5

MD-CCS-4

9.2

6.5
5.5
6.9

6.0

78.8
77.9

AVERAGE

74.0

14969

MD-CCS-3

8.2

4.3

4.1

83.4

14969

MD-CCS-3

6.4

3.9

2.2

87.5

14969

MD-CCS-3

6.1

1.7

88.4

14969

MD-CCS-3

12.3

3.8
7.0

1.4

79.3

14969

MD-CCS-3

6.0

3.8

1.6

88.6

14969

MD-CCS-3

11.3

5.8

81.3

14969
14969
14969
14969

MD-CCS-3
MD-CCS-3
MD-CCS-3
MD-CCS-3

10.9
11.2
6.2

7.5
8.4
3.8
4.3

1.6
2.1
1.8
2.0

79.5
78.6
88.0

2.5

89.3

5.3

2.1

84.4

AVERAGE

3.9
8.2

14968

MD-CCS-2

9.7

7.7

2.1

80.5

14968

MD-CCS-2

3.6

2.9

2.7

90.8

14968

MD-CCS-2

3.1

3.7

4.0

89.2

14968

MD-CCS-2

0.8

5.6

85.6

14968
14968
14968

MD-CCS-2
MD-CCS-2
MD-CCS-2

3.3
5.6
1.4

7.7
2.6
6.1

3.2
3.1

90.9
85.2

3.0

94.1

14968

MD-CCS-2

1.5

1.5
2.1

2.9

14968

MD-CCS-2

0.7

8.4

6.8

93.5
84.1

14968

MD-CCS-2

5.3

5.5

2.8

86.4

14968

MD-CCS-2

2.1

2.8

2.0

93.1

14968

MD-CCS-2

6.7

6.7

2.6

83.8

3.6

4.8

3.4

88.1

7.3
5.3

8.8
4.0

2.8
3.4

81.1
87.2

AVERAGE

14967
14967

MD-CCS-1
MD-CCS-1

Table 8.4 (continued)
CAT.NO.

FIELD NO.

mol% MgC03

mol% CaC03

mol% MnC03

mo1% FeC03

14967

MD-CCS-1

1.9

4.5

2.8

90.8

14967

MD-CCS-1

7.1

2.0

82.6

14967

MD-CCS-1

8.3
7.7

8.8

2.6

80.9

14967

MD-CCS-1

7.3

8.4

2.8

81.5

14967

MD-CCS-1

6.5

4.3

3.2

85.9

14967

MD-CCS-1

2.7

4.9

3.9

87.6

14967

MD-CCS-1

6.6

5.4

2.8

85.2

14967

MD-CCS-1

6.9

7.2

3.0

82.9

14967

MD-CCS-1

8.1

8.0

2.5

81.3

14967

MD-CCS-1

7.9

2.1

82.0

14967
14967

MD-CCS-1
MD-CCS-1

3.2
4.8

8.0
4.4

3.5

88.9

7.6

3.7

14967

MD-CCS-1

7.2

5.0

2.5

83.9
85.2

14967

MD-CCS-1

10.8

5.5

2.6

81.1

14967

MD-CCS-1

8.0

8.8

2.9

81.0

14967

MD-CCS-1

10.3

5.3

2.7

81.7

14967

MD-CCS-1

4.9

7.3

3.7

84.1

14967

MD-CCS-1

8.3

8.0

2.2

81.5

14967

MD-CCS-1

3.1

3.8

4.1

89.0

14967
14967
14967

3.3
2.8

6.7
4.3

3.8
3.6

86.2
89.3

6.5

6.2

3.2

84.1

14967

MD-CCS-1
MD-CCS-1
MD-CCS-1
MD-CCS-1

6.4

5.9

3.5

84.2

14967

MD-CCS-1

4.5

3.2

86.9

14967

MD-CCS-1

5.4
4.9

3.3

3.0

88.8

14967

MD-CCS-1

4.6

4.7

3.3

87.4

6.1

6.1

3.1

84.7

1.0
0.2
0.4
0.4

3.8
3.1
4.8
2.8

1.6
2.8
1.6
2.1

93.5

14973

MD-ICMS-1
MD-ICMS-1
MD-ICMS-1
MD-ICMS-1

93.9
93.1
94.7

14973

MD-ICMS-1

0.2

2.8

4.1

93.0

14973

0.2

2.8

0.2

3.5

2.9
4.1

94.1

14973

MD-ICMS-1
MD-ICMS-1

92.2

14973

MD-ICMS-1

1.0

2.4

3.1

93.5

14973

MD-ICMS-1

0.3

2.6

2.7

94.5

14973

MD-ICMS-1

1.2

3.2

1.6

94.0

14973
14973
14973

MD-ICMS-1
MD-ICMS-1
MD-ICMS-1

1.0
0.1
0.2

2.8
3.4
3.5
3.2

3.1
3.1
3.6
2.8

93.1

AVERAGE
14973
14973
14973

AVERAGE

0.5

93.3
92.6
93.5

Table 8.5

Stable isotope data of the siderite samples.

8180

8180

oC
13

Cat.No.

Field No.

Mineral

14965

MD-WO-MF-13

siderite

-14.06

8.87

-15.39

-5.5

Wombarra Shale

13.3

14

71.4

1.3

14963

MD-WO-MF-11

siderite

-17.28

8.87

-18.61

-4.09

Wombarra Shale

13.3

14

71.4

1.3

14962

MD-WO-MF-10

siderite

-16.25

8.87

-17.58

-3.93

Wombarra Shale

13.3

14

71.4

1.3

14961

MD-WO-MF-9

siderite

-14.08

8.87

-15.4

-1.91

Wombarra Shale

13.3

14

71.4

1.3

14956

MD-WO-MF-4

siderite

-13.73

8.87

-15.06

-4.41

Wombarra Shale

13.3

14

71.4

1.3

14970

MD-CCS-4

siderite

-13.65

8.83

-15.02

4.02

Coal Cliff Sandstone

6.9

9.2

77.9

6

14969

MD-CCS-3

siderite

-14.35

8.82

-15.73

4.24

Coal Cliff Sandstone

5.2

8.2

84.5

2.1

14968

MD-CCS-2

siderite

-14.75

8.8

-16.15

5.87

Coal Cliff Sandstone

4.8

3.6

88.2

3.4

14973

MD-ICMS-1

siderite

-13.78

8.78

-15.2

7.4

Illawarra Coal Measures

3.2

0.5

93.5

2.8

RAW

AFF

CORR.

Stratigraphic Unit

Ca% Mg% Fe% Mn%

Table 8.6
Stable isotope data for siderite samples from the Narrabeen
Group succession (data from Bai, 1991, p. 247).

8180(PDB)

Sample No.

Phase

8180(SMOW)

L506.7

later pore filling siderite

8.3

-21.888

-6.09

0488.2

later pore filling siderite

9.25

-20.966

-4.37

0600.9

later pore filling siderite

9.06

-21.151

-4.91

Z512.4

later pore filling siderite

9.86

-20.375

-6.32

X531.9

earlier grain coating siderite

14.57

-15.806

-6.12

Y593.9

later pore filling siderite

7.75

-22.422

-4.36

W388.8

later pore filling siderite

14.71

-15.67

-4)1

A146.5

later pore filling siderite

10.79

-19.473

-8.22

013C(PDB)

Table 8.7

Boron content of the fine-grained deposits of the
Narrabeen Group succession.
Cat. No.

Lab. No.

Sample No.

15234

E-94-23636-1

IL-55-97.00

Hawkesbury Sandstone

48.9

15235

E94-23636-2

IL-55-148.70

Newport Formation

27.6

15236

E94-23636-3

IL-55-156.80

Newport Formation

23.8

15237

E94-23636-4

IL-55-160.80

Garie Formation

<4.0

15238

E94-23636-5

IL-55-163.70

Bald Hill Claystone

12.1

15239

E94-23636-6

IL-55-176.00

Bald HiU Claystone

<4.0

15240

E94-23636-7

IL-55-282.40

Bulgo Sandstone

45.7

15241

E94-23636-8

IL-55-333.80

Stanwell Park Claystone

12.4

15242

E94-23636-9

IL-55-351.00

Stanwell Park Claystone

19.6

15243

E94-23636-10

Il-55-410.10

Wombarra Shale

28.4

15232

E94-23636-11

IL-60-435 .70

Wombarra Shale

28.1

15233

E94-23636-12

IL-60-480.50

above Bulli Coal and

44.1

Formation

under Coal Cliff Sandstone

Boron (ppm)

TABLE TO CHAPTER
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Table 9.1
Comparison of the old stratigraphic nomenclature of the Permo-Triassic strata in the southern
Sydney Basin with the stratigraphic model proposed herein.

Old

New Recommended

Stratigraphic

Nomenclature
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APPENDICES

APPENDICES 1.1 AND 1.2
DATA RECORDING SHEETS

Appendix 1.1

Recording sheet used for field data collection.
Formation
Location

Massive Bedding
Flat Bedding
Laminated Bedding
Lenticular Bedding
Erosive

Continuous From

- - TXB=trough x-beddd
PXB=planar x-bedded
XL=cross-laminated
c::=:::> PL=parting lineation

=

==

Cumulative Unit
Thickness Thick.

Dom. Grain Size LitboF Mc
fades
c s s s s G c Code

Modified after Russel, 1984, cited in Graham.l 988.

Structures

Gradational
---- Sharp
PS=poorly sorted
MS=moderately sorted
SA=su bang ular
A=angular
B=black Gr=green Lt=light
P=purole D=dark
G=~rev
RoundPalaeo- Vertical
current Profile
Sorting
ness
Colour
Direction

~

Date

Lower
Boundary

Desiccation & Synaeresis Cracks v-v FU=fining upward
{)(){) CU=coarsening upward
Imbrication
Channel
\J
Convoluted Bedding
/\///l

-

Deformed ?.-5?.F
VWS=very well sorted
WR=well rounded

WS=well sorted
SB=subrounded
Y=yellow
R=red
Remarks (Compo. of Clasts, Photo, Slide,
Size of cross-bed,
Sample No.
Plant or Trace Fossils)

APPENDIX 1.2
Recording sheet used for petrographic studies.

A: GENERAL INFORMATION
Sample no:
Sample location:
' Borehole name:
B: HAND SPECIMEN
'
Colour:
Structure:
Other:
C: THIN SECTION
I) TEXTURE
Min.
Grain size:
Max.
Subang.
Ang.
Roundness:
M.S.
Sorting:
P.S.
M.P.
Packing:
P.P.
Submat
Maturity:
!mat.
Primary(%)
Porosity:
Alignment:
Other:
2) MINERAL COMPOSIDON
volume
Monocrystalline Q.:
Extinction:
account %
Uniform
'
Undulose
Inclusion
Vacuoles
Boehm lamellae
Embayment
Polycrystalline Q.:
Extiction:
Uniform
Undulose
Boundary
Straight
Sutured
!
Elongation
As cement
K-feldspar
Orthoclase
Sanidine
Microcline
Other
Plagioclase
Albite twin
Pertite
Other
S.RF.
Shale
Chert
Chalcedony
Carbonate
Siltstone
Other
M.RF.
Schist
Elongated Q.
Other

Depth:
Formation:
Date:
Grain size:

Mode
Subround.
Well S.
Well P.
Mature
Secondary (%)

comments

Wellround.
V . well S.
V . well P.
Supermat.

volume
account %

corrunents

l.R.F
Granite
Tracbyte
Dacite
Other
Accessory M.
Biotite
Muscovite
Chlorite
Glauconite
Evaporites
HeavyM.
Zircon
Tourmaline
Leucoxene
Epidote
Gamet
Rutile
Sp hen
OpaqueM.
Matrix
Oays
Sericite
Other
Cement
Micrite
Sparite
Q. overgrowth
Silica
Other
D: MICROSCOPIC NAME AND INTERPRETATION

Name:
Source:

Energy regime:

Transport mechanism:

E: OTHER COMMENTS

M.H.D.

APPENDIX 2
WELL LOGGING OF THE ILUKA 55 BOREHOLE

Appendix 2
Well logging of the lluka 55 Borehole {VC =very coarse, C =Coarse, M =medium, F =fine and VF= very fine).
Depth (From-To)

Lithology and Sedimentary Structures

Remarks

96.59-97.31 (0.72)

shale

Sample 15234 for trace
element analysis

135.14
153.14

Base of Hawkesbury Depositional System
Top of Newport Depositional System

135.14-138.57 (3.43)

20% shale, 60% siltstone, and 20% interbeds of F sandstone

138.57-141.31 (2.74)
141.31-146.18 (4.87)

interbeds of sandstone and shale as layers between 10 cm
to 40 cm thick, thin carbonaceous layers in places
F to M sandstone, rioole cross-laminated in places

146.18-147.36 (1.18)

Siltstone

147.36-150.50 (3.14)
150.50-150.68 (0.18)

mostly muds tone with several interbeds of M sandstone in
middle part
F sandstone, cross-laminated

150.68-151.08 (0.40)

muds tone

151.08-151.32 (0.24)

F to M sandstone

151.32-151.95 (0.63)

muds tone with interbeds of F sandstone

151.95-152.40 (0.45)

siltstone with M sandstone interbeds

152.40-153.32 (0.92)

F sandstone with interbeds of siltstone

(Thickness in m)

Sparse bioturbation

Sample 14885 for XRD test
bioturbated

'

intensive bioturbation

'

153.32-153.92 (060)

siltstone with diffuse beddinl!:, horizontally laminated

153.92-154.02 (0.10)

F to M sandstone

154.02-154.66 (0.64)
154.66-154.96 (0.30)

X-laminated and X-bedded VC sandstone, sharp erosional
lower contact
F laminated sandstone, diffuse bedding

154.96-156.18 (1.22)

siltstone, fine sandy with diffuse bedding

156.18-157.70 (1.52)

mudstone, shale

157.70-157.73 (0.03)

157.95-158.71 (0.76)

conglomerate comnosed of angular and rounded claystone
clasts
VC sandstone with mudstone clasts, sharp erosional lower
boundary
VF to F sandstone

158. 71-158.81 (0.10)

claystone

157.73-157.95 (0.22)

distinctive white colour

sample 15236 for trace
element analysis

sample 14886 for XRD test

159.70-159.75 (0.05)

siltstone, grey clays tone, interbeds of F to M sandstone,
diffuse bedding
light brown siltstone, tuff ?

159.75-159.99 (0.24)

dark grey siltstone and claystone

159.99-160.01 (0.02)

light brown claystone, tuff ?

160.01-161.11 (1.10)

80% mudstone and F sandstone and 20% M to VC sandstone

161.11-161.26 (0.15)

dark J!;rey siltstone and claystone

161.26

Top of Garie Formation

161.26-161.57 (0.31)

granule conJ!;lomeratic claystone

161.57-161.60 (0.03)

light brown claystone

161.6
161.6
161.6
161.6
161.6
161.6
161.6

Base of Garie Formation
Base of Newport Depositional Svstem
Base of Hawkesbury Depositional Sequence
Top of Narrabeen Depositional Seouence
Top of Bulgo Depositional Complex
Top of Mixed-load Fluvial Deposit C
Top of Floodplain Deposit C (Bald Hill Claystone)

161.60-162.70 (1.10)

reddish-brown claystone

162.70-162.86 (0.16)

reddish-grey sandstone with clayey matrix

162.86-163.32 (0.46)

reddish-brown claystone

163.32-163.76 (0.44)

164. 76-165.09 (0.33)

50% reddish-brown sandstone and 50% reddish-brown
claystone
M sandstone with conJ?;lomeratic clasts, sharp lower
contact
VC sandstone, sharp erosional lower boundary

165.09-166.31 (1 .22)

reddish-brown claystone

166.31-166.89 (0.58)

conglomerate

166.89-167.77 (0.88)

50% claystone interbedded with 50% F sandstone

158.81-159.70 (089)

I

163.76-164.76 (1.00)

I

167.77-168.74 (0.97) '
168.74-168.82 (0.08)

80% F sandstone and 20% VC sandstone with claystone
intraclasts
reddish-brown claystone

168.82-169.15 (0.33)

F sandstone

169.15-169.64 (0.49)

reddish-brown claystone

sample 15237 for trace
element analysis

sample 14888 for XRD test

sample 15238 for trace
element analysis

169.64-169.70 (0.06)

F sandstone

169.70-169.73 (0.03)

reddish-brown claystone

169.73-170.90 (1.17)

M to C sandstone

170.90-171.80 (0.90)

M to C sandstone

171.80-172.50 (0. 70)

M to C sandstone, mudstone intraclasts in lower part

172.50-173.29 (0. 79)

conglomeratic in lower part and C to VC sandstone above it

173.29-174.50 (1.21)

reddish-brown claystone

174.50-174.56 (0.06)

light red claystone, bioturbation ?

174.56-176.43 (1.87)

claystone, sandy in some parts

176.43-176.59 (0.16)

C sandstone

176.59-176.75 (0.16)

light red M sandstone

176.75-177.06 (0.31)

siltstone

177.06-177.17 (0.11)

grey C sandstone

177.17-177.20 (0.03)

conglomerate

177 .20-177 .26 (0.06)

oinkish-grey tuff, slickensided

177.26-178.91 (1.65)

light reddish-brown claystone, in parts grey to whitish grey

178.91

Base of Floodplain Deposit C (Bald Hill Claystone)

178.91-180.17 (1.26)

50% siltstone with diffuse bedding and 50% claystone

180.17-180.63 (0.46)

182.81-182.85 (0.04)

greenish-grey claystone, mottled in middle part, pinches
of carbonaceous materials are present
50% siltstone and 50% F sandstone, horizontally laminated,
diffuse bedding, sharp contact with unit below
M sandstone

182.85-182.89 (0.04)

siltstone

182.89-183.57 (0.68)

M sandstone

183.57-183.71 (0.14)

muds tone

183.71-183.88 (0.17)

F sandstone

183.88-187.70 (3.82)

F to C sandstone, mudstone intraclasts in lower part of unit,
X-bedded, sharp lower erosional contact
siltstone

fining uoward

fining upward

180.63-182.81 (2.18)

187.70-187.75 (0.05)

sample 14889 for XRD test

sample 15239 for trace
element analysis

similar to Garie Formation

palaeosol, samole 14890
for XRD test
abundant plant fossils,
leaves about 5 cm in diam.

187.75-187.92 (0.17)

M sandstone

187 .92-188.85 (0.93)

siltstone with interbeds of F sandstone

188.85-189.20 (0.35)

mudstone, thin F sandstone interbeds

189.20-193.51 (4.31)

193.89-195.59 (1.70)

F to M sandstone, two fining upward units are rou_ghly
recomisable
mudstone with interbeds of rioole cross-laminated
F sandstone
M sandstone, X-bedded, erosional lower boundary

195.59-195.88 (0.29)

F to M sandstone, 2 cm mudstone in top

195.88-196.04 (0.16)

siltstone

196.04-196.16 (0.12)

M sandstone

196.16-196.47 (0.31)
196.47-196.84 (0.37)

M sandstone with mudstone intraclasts in lower part,
erosional lower contact
siltstone

196.84-196.95 (0.11)

M sandstone with sharp erosional lower boundary

196.95-197.11 (0.16)

siltstone, with interbeds of F sandstone

197.11-197.26 (0.15)

M sandstone, sharo erosional lower boundary

197.26-197.55 (0.29)

siltstone, with interbeds of F sandstone

197.55-197.88 (0.33)

F to M sandstone

197.88-197.96 (0.08)

siltstone

197.96-198.09 (0.13)

F sandstone

189.09-198.45 (0.36)
198.45-198.81 (0.36)

siltstone with thin sandstone interbeds near middle and
top of unit
M sandstone, sharp lower contact

198.81-199.01 (0.20)

siltstone

199.01-199.33 (0.32)

siltstone with thin interbeds of F sandstone

199.33-199.97 (0.64)

M sandstone, sharp erosional lower contact

199.97-200.63 (0.66)

siltstone with interbeds of F sandstone, disturbed beddin_g
in top, laminated in lower part
M sandstone with siltstone with carbonaceous lamellae near
top and middle of unit
siltstone

193.51-193.89 (0.38)

200.63-201.58 (0.95)
201.58-201.78 (0.20)

201.78-203.23 (1.45)

F to M sandstone, mudstone clasts in middle of unit

203.23-203.41 (0.18)

X-bedded
siltstone

203.41-203.69 (0.28)

rinnle cross-laminated F sandstone

203.69-203.84 (0.15)

sandstone with siltstone clasts in middle of unit

203.84-204.13 (0.29)

mudstone and claystone interbedded with F sandstone

204.13-204.46 (0.33)

conglomerate, angular clasts, sharp erosional contact

204.46-204.98 (0.52)

M sandstone, sharp erosional contact

204.98-205.06 (0.08)

siltstone

205.06-205.46 (0.40)

F to M sandstone, cross-laminated

205.46-205.79 (0.33)

siltstone

205.79-205.97 (0.18)

conglomerate with sandstone interbeds

205.97-208.47 (2.50)

F to M sandstone, X-bedded and X-laminated, sharp

208.47-209.05 (0.58)

erosional lower contact
F sandstone and siltstone whithisb-grey

209.05-209.11 (0.06)

siltstone, laminated

209.11-211.45 (2.34)

211.76-212.36 (0.60)

M to C sandstone, X-bedded, thin intervals of
cross-laminated F sandstone
conglomerate with mudstone intraclasts, sharp erosional
lower boundary
F to M sandstone

212.36-212.74 (0.38)

conglomerate with large siltstone intraclasts

212.74-216.15 (3.41)

216.26-216.32 (0.06)

three stacked fining upward sequences, X-bedded, thin
layers of siltstone in middle of unit
conglomerate with siltstone intraclasts, sharp erosional
lower boundarv
siltstone, laminated

216.32-216.58 (0.26)

M sandstone, cross-laminated

216.58-216.66 (0.08)

siltstone, laminated

216.66-217.70 (1.04)

M sandstone, X-bedded sharp contact with unit below

217.70-218.95 (1.25)
218.95-219.04 (0.09)

M sandstone, X-bedded in upper part, a layer of siltstone
(2 cm thick) is present in uppermost part
siltstone, laminated

2219.04-221.00 (1.96)

F to M sandstone, X-bedded, thin siltstone layers in middle

211.45-211.76 (0.31)

216.15-216.26 (0.11)

sample 14891 for XRD test

abundant plant fossils and
fining

abundant mica

221.28-221.70 (0.42)

of unit, siltstone clasts in lower part
conglomerate with siltstone intraclasts, erosional lower
boundary
siltstone with ball and oillow structure (F sandstone)

221.70-221.76 (0.06)

siltstone, laminated

221.76-221.87 (0.11)

F sandstone

221.87-222.45 (0.58)

siltstone and F sandstone

222.45-223.05 (0.60)

conglomerate with siltstone intraclasts

223.05-223.60 (0.55)

M sandstone with scattered intraclasts, X-bedded

223.60-225.00 (1.40)

F to M sandstone, X-bedded in lower part, laminated in
uooerpart
siltstone, laminated

221.00-221.28 (0.28)
I

225.00-225.06 (0.06)
225.06-227.72 (2.66)

231.14-231.27 (0.13)

M sandstone with siltstone intraclasts in lower part, thin
siltstone layers in middle and uooer parts, sharp erosional
lower contact
claystone, with convolute bedded F sandstone, sharp
lower contact
M sandstone, 20 cm F sandstone in middle, X-bedded,
disseminated siltstone clasts near base of unit
conglomerate, sham erosional lower contact

231.27-231.39 (0.12)

horizontally laminated F sandstone

231.39-231.59 (0.20)

M sandstone

231.59-231.69 (0.10)

F sandstone and siltstone

227.72-229.43 (1.71)
229.43-231.14 (1.71)

I

231.69-231.76 (0.07)

I

I

abundant plant fossils and
mica

sparse plant fossils and mica

conglomerate with siltstone clasts

231.76-232.00 (024)

F sandstone and siltstone

232.00-233.70 (1.70)

uniform M sandstone, horizontally laminated

233.70-234.36 (0.66)

siltstone with thin interbeds of F sandstone

234.36-236.09 (1.73)

M sandstone, X-bedded in some parts

236.09-237.20 (1.11)

shale with sandstone interbeds, laminated lower and uooer
part, convolute beddiniz in middle

237 .20-237 .50 (0.30)
237.50-237.79 (0.29)

M sandstone with siltstone intraclasts in lower Parts,
X-bedded
F sandstone with 3 cm siltstone in top

237.79-237.94 (0.15)

conglomerate with siltstone intraclasts

abundant mica

237.94-239.20 (1.26)

M sandstone with sharp erosional lower contact

239.20-239.29 (0.09)

shale

239.29-239.50 (0.21)

siltstone with F sandstone interbeds

239.50-239.91 (0.41)

M sandstone with scattered siltstone clasts in lower part

239.91-241.17 (1.26)

siltstone, laminated in lower part, lenticular bedding in
middle part
sandstone, X-bedded with siltstone clasts near base of unit
sharp contact with unit below
interbeds of F sandstone and siltstone, sandstones show
rinnle marks in places
M sandstone, X-bedded in lower part and plane-bedded
in upper part, sharp erosional lower boundary
F sandstone, siltstone and thin layer of claystone in lower
part
M sandstone, X-bedded in lower part

241.17-241.63 (0.46)
241.63-242.03 (0.40)
242.03-243.55 (1.52)
243.55-243.96 (0.41)
243.96-246.12 (2.16)
246.12-246.51 (0.39)
246.51-246.66 (0.15)

F to M sandstone in lower part and siltstone (9 cm thick)
in uoner part
conglomerate with siltstone clasts

246.66-247 .02 (0.36)

F sandstone and siltstone

247.02-247.49 (0.47)
247.49-247.79 (0.30)

M sandstone with claystone clasts in base, X-bedded, sharp
erosional lower boundary
clays tone

247.79-247.92 (0.13)

M to C sandstone with siltstone intraclasts

247.92-250.10 (2.18)

F sandstone, ripple cross-laminated, in places flaser bedding
base of unit massive with horizontal bedding
siltstone with interbeds of F sandstone

250.10-250.20 (0.10)
250.20-250.65 (0.45)
250.65-250.71 (0.06)

F sandstone, cross-laminated in middle part and massive in
lower part
shale

251.18-251.88 (0.70)

10 cm F sandstone and shale in lower part, 23 cm shale in
middle, 14 cm siltstone and F sandstone in upper part
M sandstone, massive, sharp contact with unit below

251.88-252.03 (0.15)

F sandstone, laminated

252.03-252.10 (0.07)

C sandstone, erosional lower contact

252.10-252.12 (0.02)

siltstone

252.12-252.21 (0.09)

conglomerate with siltstone and claystone intraclasts

252.21-252.45 (0.24)

M to C sandstone with disseminated siltstone clasts

250.71-251.18 (0.47)

abundant plant fossils and
mica in upper part

abundant plant fossils and
mica

.I

I

252.45-252.52 (0.07)
252.52-252.79 (0.27)

256.36-256.65 (0.29)

50% sandstone interbedded with 50% siltstone, some parts
laminated
M sandstone with scattered mudstone clasts, X-bedded
in lower part
siltstone interbedded with F sandstone, flame structures

256.65-256. 71 (0.06)

shale

256.71-257.39 (0.68)

258.55-258.60 (0.05)

sandstone with mudstone intraclasts, sharp erosional
contact with unit below
M sandstone with disseminated siltstone clasts, 1 cm
mudstone drape in top, sharp erosional lower contact
siltstone, laminated

258.60-259.62 (1.02)

M sandstone, X-bedded

259.62-260.82 (1.20)

F to M sandstone

fining upward

260.82-261.62 (0.80)

F to M sandstone

fining upward

261.62-261.96 (0.34)

M sandstone, X-bedded

261.96-263.40 (1.44)

266.41-266.82 (0.41)

M sandstone with laminated F sandstone (7 cm thick) in
middle part
M to C sandstone with abundant siltstone clasts, sharp
erosional contact with unit below
C sandstone in lower part and F sandstone in uooer part,
sharp erosional lower contact
C sandstone in lower part and F sandstone in upper part,
sharp erosional lower boundary
M sandstone with angular siltstone clasts in lower part,
sharp erosional lower boundary
F sandstone with interbeds of laminated siltstone

266.82-267 .31 (0.49)

shale

267.31-267.80 (0.49)

M to C sandstone in lower Part, grades to F laminated
sandstone in unoer part
F to M sandstone with interbeds of laminated siltstone,
10 cm conglomerate with siltstone clasts in base
M to VC sandstone, X-bedded, sharp erosional contact with
unit below
C sandstone with disseminated mudstone clasts, sharp
erosional contact with unit below
shale

252.79-254.37 (1.58)
I

I

conglomerate with siltstone intraclasts, sharp erosional
contact with unit below
M to C sandstone, sham erosional lower boundary

254.37-256.36 (1.99)

257 .39-258.55 ( 1.16)

263.40-263.75 (0.35)
263.75-264.57 (0.82)
264.57-264.81 (0.24)
I

264.81-266.41 (1.60)

267.80-268.29 (0.49)
268.29-269.50 (1.21)
269.50-272.16 (2.66)
272.16-272.57 (0.41)
272.57-282.15 (9.80)

multistorey sandbodv, 60% M to C sandstone with about
5% laminated siltstone interbeds and 35% con2lomerate with

animal fossils found

abundant plant fossils and
mica

fining upward

fining uoward
fining uoward

fining upward
abundant plant fossils
units show finin2 upward

282.15-282.49 (0.34)
282.49-282.65 (0.16)
282.65-282.69 (0.04)
282.69-283.44 (0.75)
283.44-283.81 (0.37)

mudstone intraclasts, sham erosional lower contact
mudstone, laminated
polymictic massive conglomerate, sharp erosional contact
with unit below
siltstone
massive conglomerate, sham erosional contact with unit
below
M sandstone

283.97-284.08 (0.11)

conglomerate with mudstone intraclasts up to 5 cm in
diameter
F to M sandstone

284.08-284.22 (0.14)

claystone

284.22-284.30 (0.08)

shale

284.30-284.76 (0.46)

285.53-285.80 (0.27)

F sandstone interbedded with shale and siltstone, a 16 cm
F sandstone unit in the middle with erosional lower contact
F sandstone with laminated siltstone units, cross-laminated,
sharp erosional lower contact
M sandstone with siltstone intraclasts in lower and middle
parts of unit, sharp erosional contact with unit below
F sandstone

285.80-285.90 (0.10)

siltstone with interbeds of F sandstone

285.90-285.99 (0.09)

M sandstone

285.99-285.04 (0.05)

shale

285.04-287.40 (1.36)

287 .81-288.18 (0.37)

M sandstone, X-bedded, sharp erosional contact with
unit below
50% siltstone with irregular lamination interbedded
with 50% F sandstone
sandstone

288.18-288.25 (0.07)

laminated shale

288.25-288.81 (0.56)

M sandstone, X-laminated, sham erosional contact with
unit below

288.81-289.11 (0.11)

laminated shale

289.11-289.54 (0.43)

F sandstone, X-bedded in lower part, plane-bedded in upper part

289.54-289.76 (0.22)

laminated shale

289.76-290.22 (0.46)

F to Mudstone

290.22-290.39 (0.17)

siltstone with interbeds of F sandstone

283.81-283.97 (0.16)

284.76-285.00 (0.24)
285.00-285.53 (0.53)

287.40-287.81 (0.41)

sample 15240 for trace
element analysis

contains plant fossils
and mica

abundant mica

sparse plant fossils

290.39-290.65 (0.26)

F sandstone interbedded wilh siltstone, cross-laminated

abundant mica

290.65-292.29 (1.64)

VC to pebbly sandstone in lower part (60 cm thick),
M sandstone in the middle (60 cm thick) and F sandstone
in top (44 cm thick), sham erosional contact wilh unit below
M sandstone in lower Part with thin (4 cm thick) and
F sandstone in top, erosional contact wilh unit below
F sandstone wilh lhin layers of siltstone in uooer part

fining upward

292.29-292.91 (0.62)
292.91-294.39 (1.48)

yellowish in some parts
abundant plant fossils and
mica in siltstone layers

295.00-295.14 (0.14)

Yellowish-grey C sandstone with siltstone intraclasts,
erosional contact with unit below
siltstone in lower part (21 cm thick), F sandstone above thin
(9 cm thick) and then 8 cm siltstone and 9 cm claystone in
top, sharp contact with unit below
F sandstone

295.14-295.52 (0.38)

laminated shale interbedded with F sandstone

295.52-295.72 (0.20)

F sandstone

295.72-295.84 (0.12)

shale

295.84-295.99 (0.15)

F sandstone

295.99-296.07 (0.08)

F sandstone and siltstone

abundant plant fossils and
mica
traces of plant fossils

296.07-297.34 (1.27)

F to M sandstone

abundant mica

294.339-294.53 (0.14)
294.53-295.00 (0.47)

abundant plant fossils and
mica
'

297.34-299.04 (1.70) ;
299.04-300.54 (1.50)

M sandstone, sham erosional contact with unit below

300.54-300.72 (0.18)

siltstone with convolute lamination

300.72-300.86 (0.14)

massive siltstone

300.86-302.15 (1.29)

F to C sandstone, irregular yellowish pinches in 301.5 m,
sham erosional contact with unit below
siltstone and F sandstone

finin_g upward

sparse plant fossils

302.60-302.75 (0.15)

siltstone with interbeds of F sandstone, cross-laminated
in middle part of unit
VC sandstone with mudstone intraclasts

302.75-303.61 (0.86)

five stacked units off to M sandstone about 18 cm thick each

303.61-303.67 (0.06)

F sandstone, laminated

303.67-305.05 (1.38)

conglomeratic unit in lower part and M to C sandstone in
uooer Part. X-bedded, sham erosional contact with unit below
claystone

302.15-302.21 (0.06)
302.21-302.60 (0.39)

!

C to VC sandstone, X-bedded

305.05-305.25 (0.20)

fining upward

305.25-305.40 (0.15)

X-laminated siltstone interbedded with VF sandstone

305.40-305.65 (0.25)

M sandstone

305.65-305.77 (0.12)

laminated siltstone

traces of plant fossils

305.77-306.42 (0.65)

C sandstone in lower part and F sandstone in uooer part

finini;?; upward

306.42-306.51 (0.09)

F sandstone and siltstone, ripple cross-laminated

abundant plant fossils and
mica

306.51-307.54 (1.03)

VC sandstone with siltstone intraclasts in lower part, sharp
erosional contact with unit below
sandstone with 3 cm shale layer in middle

307.54-307.63 (0.09)
307.63-308.37 (0.74)

309.35-309.56 (0.21)

mostly claystone with interbeds of shale and F sandstone,
sham contact with unit below
C to VC sandstone with siltstone intraclast near top of unit,
sham contact with unit below
siltstone and F sandstone in lower Part and laminated shale
(4 cm thick) in uooer part
C sandstone, sham contact with unit below

309.56-309.84 (0.28)

shale

309.94-310.93 (1.09)

VC to pebbly sandstone with siltstone intraclasts, sharp
erosional contact with unit below
shale and siltstone with a F sandstone unit (5 cm thick) in
middle of the unit
three stacked X-bedded sandstone units

308.37-309.20 (0.83)
309.20-309.35 (0.15)

310.93-311.15 (0.22)
311.15-313.70 (2.55)
313.70-315.00 (1.30)
315.00-316.20 (1.20)

316.20-316.37 (0.17)

VC to pebbly sandstone in lower part and M sandstone in
uooer part, X-bedded
VC to pebbly sandstone with intraclasts up to 5 cm in
diameter in lower part and M sandstone in upper part,
X-bedded, sharp erosional contact with unit below
laminated siltstone

316.45-316.60 (0.15)

4 cm laminated siltstone in lower part and 4 cm F sandstone
in upper part
F sandstone, X-bedded

316.60-316.85 (0.25)

shale

316.85-317.32 (0.47)

F sandstone with small scale X-bedding

317.32-317.48 (0.16)

shale

317.48-318.48 (1.00)

F to M sandstone

318.48-318.52 (0.04)

siltstone

318.52-319.61 (1.09)

F to M sandstone, thin siltstone layer near top of unit, sharp
contact with unit below

316.37-316.45 (0.08)

plant fossils in lower part

trace of plant fossils in
lower part

plant fossils and mica in
lower and uooer parts

finini;?; upward

traces of plant fossils

with plant fossils

319.61-319.84 (0.23)

VF to F sandstone

319.84-320.45 (0.61)

F sandstone with siltstone clasts in lower part of unit, sharp
contact with unit below
shale and siltstone with interbeds of VF to F sandstone

320.45-321.00 (0.55)

M to C sandstone, X-bedded, sharp erosional contact with
unit below
siltstone and F sandstone

321.00-321.55 (0.55)
321.55-321.82 (0.27)

abundant plant fossils
(leaves and stem)

VC to :oebbly sandstone with interbeds of M sandstone,
X-bedded
laminated sandstone

321.82-324.05 (2.23)
324.05-324.11 (0.06)

327.84-327.86 (0.02)

VC to pebbly sandstone in lower part and M to F sandstone
in uooer part, sharp erosional boundary with unit below
VC to pebbly sandstone in lower part and M sandstone with
pebbles up to 2 cm in upper part, 2 cm siltstone in uppermost
part of the unit
conglomerate with grey siltstone clasts, sharp erosional
contact with unit below
siltstone, greenish-grey

327.86-327.88 (0.02)

claystone

327 .88-328.22 (0.34)

M sandstone with sharp contact with unit below

328.22-328.64 (0.42)

329.20-330.22 (1.02)

VC sandstone with mudstone intraclasts in lower part, sharp
erosional contact with unit below
F sandstone in lower part and siltstone and claystone in
middle and uooer parts
C sandstone in lower part and F sandstone in uooer part

330.22-330.29 (0.07)

siltstone

330.29-332.39 (2.10)

C to VC sandstone in lower part and F sandstone in uooer
part, X-bedded
conglomerate

324.11-325.72 (1.61)
325.72-327.82 (2.10)

327.82-327.84 (0.02)
I

328.64-329.20 (0.56)

332.39-332.49 (0.10)
332.49-332.81 (0.32)

fining upward
fining upward

abundant plant fossils,
sample 14892 for XRD test
this strata plus overlying
unit form a fining upward

fining upward

greyish-green C to VC sandstone, erosional lower boundary
I

332.81
332.81
332.81
332.81

1'

Base of Bed-load fluvial deposit C
Base of Bulgo Depositional complex
Top of Scarboroui:h Depositional System
Top of Floodplain Deoosit B

332.81-333.69 (0.88)

greyish-green claystone with interbeds of sandy claystone

333.69-334.20 (0.51)

dark green C sandstone, abundant lithic grains, sharp
erosional contact with unit below
grey, greenish-grey, reddish-brown claystone, massive with
silty parts through unit

334.20-340.54 (6.34)

faulted in middle of unit,
sample 15241 for trace
element analysis

sample 14893 and 14894
for XRD test

340.54-342.85 (2.31)
342.85-343.08 (0.23)
343.08-344.66 (1.58)

greenish-grey F to M sandstone, sharp contact with unit
below
siltstone and F sandstone

344.66-349.75 (5 .09)

dark green C to VC sandstone in lower part and dark-green
M sandstone in upper part
dark greenish-grey, reddish-brown, purplish-grey claystone

349.75-349.98 (0.23)

dark greenish-grey M sandstone

349.98-352.34 (2.36)

claystone with silty layers

352.34-352.82 (0.48)

F sandstone

352.82-353.34 (0.52)

claystone and mudstone greenish-grey in colour

353.34-356.51 (3.17)

F sandstone with interbeds of M sandstone

356.51-359.06 (2.55)

50% C sandstone interbedded with 50% C to VC sandstone

359.06-359.23 (0.17)

conglomerate with sharp erosional contact with unit below

359.23-360.74 (1.51)

light grey, light greenish-grey claystone, sparse rootlets

360.74
360.74

Base of Floodplain Deposit B (Stanwell Park Claystone)
Top of Bed-load Fluvial Deposit B (Scarborough Sandstone)

360.74-368.73 (7.99)
368.73-369.97 (1.24)

F to C sandstone with several very thin siltstone interbeds
near top of unit
conglomerate, sharp erosional contact with unit below

369.97-371.17 (1.20)

C sandstone, sharp contact with unit below

371.17-371.32 (0.15)

conglomerate with sharp erosional contact with unit below

371.32-371.57 (0.25)

M sandstone with sharp contact with unit below

371.57-371.67 (0.10)

conglomerate, sharp contact with unit below

371.67-371.85 (0.18)

M sandstone

371.85-372.87 (1.02)
372.87-374.57 (1.70)

F to C sandstone, light brown, claystone intraclasts in
lower part of unit, sharp contact with unit below
F sandstone

374.57-375.84 (1.27)

C to VC sandstone, sharp erosional contact with unit below

375.84-376.18(0.34)

interbeds of dark-grey shale and F sandstone

376.18-378.22 (2.04)

C to VC sandstone with F sandstone in upper part, sharp
erosional contact with unit below
mudstone with interbed of F sandstone

sample 15242 for trace
element analysis

sample 14895 for XRD test

-

378.22-378.49 (0.27)

palaeosol, sample 14896
for XRD test

378.49-378.79 (0.30)

F to M sandstone

378.79-378.89 (0.10)

shale

378.89-381.63 (2.74)
381.63-381.93 (0.30)

C sandstone with mudstone intraclasts in lower part and F
sandstone with thin siltstone layers in upper part of unit
F sandstone, sharp contact with unit below

381.93-382.07 (0.14)

M sandstone, sharp contact with unit below

382.07-383.86 (1.79)

conglomerate, sharp erosional contact with unit below

383.86-383.92 (0.06)

shale

383.92-385.13 (1.21)

F to M sandstone

385.13-385.38 (0.25)

siltstone with interbeds of F sandstone

385.38-385.45 (0.07)

F sandstone interbedded with siltstone

385.45-386.55 (1.10)

F sandstone interbedded with siltstone layers in middle and
lower parts
conglomerate, sharp erosional contact with unit below,
siltstone intraclasts in lower part
C to VC sandstone in lower part and F to M sandstone in
upper part, sharp erosional contact with unit below
F sandstone

386.55-389.53 (2.98)
389.53-391.84 (2.31)
391.84-392.24 (0.40)
392.24-392.79 (0.55)
392.79-393.13 (0.34)

F sandstone in lower part and 4 cm siltstone in upper part,
sham contact with unit below
50% siltstone and 50% F sandstone

393.13-393.44 (0.31)

F sandstone, sharp contact with unit below

393.44-394.19 (0.75)

siltstone with thin interbeds of F sandstone

394.19-395.18 (0.99)
395.18-395.22 (0.04)

C sandstone, X-bedded, sham erosional contact with unit
below
shale

395.22-399.48 (4.26)

M to VC sandstone, sham erosional contact with unit below

399.48-399.74 (0.26)

dark-grey shale

399.74-399.80 (0.06)

M sandstone

399.80-402.64 (2.84)

conglomerate, sharp erosional contact with unit below

402.64
402.64
402.64
402.64

Base of Bed-load Fluvial Deposit B (Scarborou2h Sandstone)
Base of Scarborou2h Depositional System
Base of Narrabeen Depositional Seouence
Top of Illawarra Depositional Seouence

•

402.64
402.64

Top of Wombarra Depositional System
Top of Floodplain Deposit A (Wombarra Shale)

402.64-407.40 (4.76)

grey, greenish-grey claystone

sample 14897 for XRD test

407.40. 407 .80 (0.40)

M sandstone, fretted

mottled red-brown claystone in 407 .00 (20 cm thick)

407.80-408.20 (0.40)

grey siltstone

408.20-408.42 (0.22)

F sandstone

408.42-411.49 (3.07)

greenish-grey claystone

411.49

Top of Bed-load Fluvial Deposit A (Otford Sandstone
Member)

' 411.90-415.20 (3.71)

sample 14898 for XRD test
and sample 15243 for trace
element analysis

M to VC sandstone, conglomeratic units in base and middle
of unit, sharp erosional contact with unit below

415.2

Base of Bed-load Flu vial Deposit A (Otford Sandstone
Member)

415.20-426.67 (11.47)

greenish-grey claystone with interbeds of fretted F
sandstone, mottled red-brown claystone in 417.50-419.40 and
420.60-421.60, rootlets?

426.67-427.62 (0.95)

F sandstone with siltstone clasts in base

427.62-429.98 (2.36)

j!;rev claystone with muddy fretted sandstone units

429.98-430.49 (0.51)

F sandstone interbedded with siltstone

430.49-431.01 (0.52)

siltstone, finely interbedded with F sandstone

431.01-431.61 (0.60)

grey claystone interbedded with siltstone

431.61-432.98 (1.37)

dark-grey claystone, fretted in top with rootlets, contains
irregular slickenside surfaces

432.98

Top of Mixed-load Fluvial Deposit A (Coal Cliff Sandstone)

432.98-434.65 (1.47)
434.45-434.65 (0.20)

50% ripple cross-laminated F sandstone interbedded with
siltstone
ripple cross-laminated F sandstone

434.65-435.19 (0.54)

siltstone with interbeds of F sandstone

435.19-435.38 (0.19)

F sandstone

435.38-436.11 (0.73)

siltstone with interbeds of F sandstone

Palaeosol ?,sample, 14899
, 14900 and 14901 for XRD
test

palaeosol, sample 14902
for XRD test

436.11-436.22 (0.11)

rioole cross-laminated F sandstone

436.22-437.40 (1.18)

siltstone very finely interbedded with F sandstone

437.40-437.50 (0.10)

F sandstone

437.50-437. 77 (0.27)

siltstone

437 .77-438.13 (0.36)

interbedded of F sandstone and siltstone

438.13-440.03 (1.90)

441.82-442.21 (0.39)

M sandstone, massive, sham erosional contact with unit
below
F sandstone, rioole cross-laminated in lower part and planebedded in upper part
M sandstone, massive, sharp erosional contact with unit
below
M sandstone, massive, sharp erosional contact with unit
below
M to C sandstone with siltstone intraclast in lower part

442.21-442.30 (0.09)

M sandstone

442.30-442.41 (0.11)

siltstone

442.41-442.92 (0.51)

F sandstone with sharp erosional contact with unit below

442.92-443.33 (0.41)
443.33-443.42 (0.09)

M to C sandstone with sharp erosional contact with unit
below
siltstone

443.42-443.60 (0.18)

M sandstone, sharp contact with unit below

443.60-443.74 (0.14)

M sandstone with mudstone intraclasts in lower part, sharp

440.03-440.22 (0.19)
440.22-441.32 (1.10)
441.32-441.82 (0.50)

plant fossils and muscovite

plant fossils and muscovite

erosional contact with unit below

443.74

Base of Mixed-load Fluvial Deposit A (Coal Cliff Sandstone)

443.74-443.90 (0.16)
443.90-444.10 (0.20)

lil!:ht l!;reenish-grey claystone, silty near base and top of unit,
sand infilled borrows and mud cracks in top and base of unit
black coaly mudstone in lower part and dark-l!;rey
carbonaceous mudstone in upper part, lower part is fractured
and shows well develooed slickensides

441.1
441.1

Base of Wombarra Depositional System
Top of BuUi Seam

' 441.10-446.12 (2.02)

446.12

Bulli Seam
Base ofBulli Coal

sample 14903 for XRD test
palaeosol?

mostly coal

APPENDIX 3

WELL LOGGING OF THE ILUKA 60 BOREHOLE

Appendix3
Well logging of the lluka 60 Borehole (VC = very coarse, C =coarse, M = medium, F = fine, VF= very fine).

Depth (From-To)

Lithology and Sedimentary Structures

Remarks

(thickness in m)
174.66
174.66

Base of Hawkesbury Depositional System
Top of New Port Depositional System

174.66-176.07 (1.41)

85% mudstone with 15% siltstone intercalations

176.07-176.26 (0.19)

VF to F sandstone

176.26-176.86 (0.60)

mudstone with sandstone lenses near base

176.86-177.44 (0.58)

90% VF to F sandstone with 10% interbedded of siltstone

177 .44-177 .64 (0.20)

M sandstone

177.64-178.02 (0.38)

90% F sandstone and 10% carbonaceous siltstone

178.02-179.19 (1.34)

55% of VF to F sandstone, 30% siltstone and 15%
muds tone
mudstone, carbonaceous

179.19-179.52 (0.33)

sparse plant fossils
I

sample 14904 for XRD test
'1

182.98-185.06 (2.08)

F to VC sandstone unit with thin conglomeratic layer in
base, X-bedded in places, thin interbeds of mudstones
mudstone with sandstone interbeds near middle of unit

185.06-185.67 (0.61)

60% F to M sandstone and 40% siltstone

185.67-186.08 (0.41)

50% F to M sandstone and 50% siltstone with sandy clasts

168.08-186.22 (0.14)

C sandstone

186.22-186.28 (0.06)

siltstone

186.28-186.38 (0.10)

clays tone

186.38-187.11 (0.73)

light grey clavstone, VF sandstone in middle

187.11-187.64 (0.53)

80% F to VC sandstone and 20% siltstone

187.64-187.71 (0.07)

muds tone

187.71

Top of Garie Formation

187.71-188.06 (0.35)

granule conglomeratic claystone

188.06-188.15 (0.09)

light and dark grey claystone

179 .52-182. 98 (3 .46)

'

.I

abundant plant fossil, stems
up to 3 cm across

abundant plant fossil

sporadic rootlets ? are
present
plant fossil in lower part

188.15-188. 74 (0.59)
188.74-188.94 (0.20)

I

sporadic rootlets, oalaeosol ?

light grey claystone, yellow-brown mineral disseminated
in middle of unit
rounded claystone grains, light grey

!

'

I

188.94
188.94
188.94

Base of Garie Formation
Base of New Port Depositional System
Base of Hawkesbury Depositional Sequence

188.94

Top of Narraheen Depositional Sequence

188.94

Top of Bulgo Depositional Complex

188.94

Top of Floodplain Deposit C (Bald Hill Claystone)

188.94-198.22 (0.28)

claystone

189.22-190.34 (1.12)

light gr;ey claystone, fretted

190.34-190.53 (0.19)

I

reddish-brown claystone

191.40-193.74 (2.34)
193.74-194.15 (0.41)

medium reddish-brown, green mottled claystone, moderately
strong rock
reddish-brown claystone

194.15-195.34 (1.19)

reddish-brown fretted claystone, weak rock

195.34-195.87 (0.53)

85 % reddish-brown claystone with 15% interbedded of
F sandstone
X-bedded M sandstone with several claystone intraclasts
sharp erosional basal contact
silty claystone

196.62-197.03 (0.41)
197.03-197.63 (0.60)

I

grey claystone

190.53-191.40 (0.87)

195.87-196.62 (0.75)

197.63-197.98 (0.35)

M to VC sandstone, fed claystone intraclasts in lower part,
X-bedded in top
M sandstone with red claystone intraclasts

197 .98-198.20 (0.22)

M sandstone, X-bedded

198.20-201.33 (3.13)

201.33-201.56 (0.23)

70% moderately strong reddish-brown claystone and 30%
weak, fissile reddish-brown claystone, several high angle
slickensided surfaces in base of unit. mottled rock
reddish-brown claystone, very weak rock

201.56-203.08 (1.52)

red claystone

203.08-203.50 (0.42)

reddish-brown claystone, fretted in places

203.50-203.79 (0.29)
I

sporadic rootlets, palaeosol

sample 14905 for XRD test
'

sample 14906 for XRD test

fining upward sequence

palaeosol, sample 14907
forXRD test

light grey claystone, weak and carbonaceous
!

203-79-205 .30 (1.51)
205.30-207.78 (2.48)

reddish-brown claystone, some parts light green, very weak and
fretted rock
brownish-red clavstone with thin interbeds of F sandstone

sample 14908 and 14909
for XRD test

207.78-208.22 (0.44)

sandy brownish-red claystone

208.22-208.75 (0.53)

grey claystone, diffuse bedding

abundant plant fossils

208.75-209.00 (0.25)

sandy grey claystone

containsrootlets,sarn.ple
14910 for XRD test

209.00-209.47 (0.47)

claystone, speckled with sandy interbeds

209.47-210.14 (0.67)

brownish-red claystone

210.14-210.39 (0.25)

claystone

210.39-210.43 (0.04)

brownish-red claystone

210.43-210.68 (0.25)

whitish-grey claystone

tuff ?, Sam.pied for XRD

210.68-211.96 (1.28)

mottled reddish claystone with some green soots in lower
part

palaeosol

211.96

Base of Floodplain Deposit C (Bald Hill Claystone)

211.96-212.25 (0.29)

45% grey claystone, 15% reddish claystone, 40% interbedded
with siltstone
M sandstone in lower part, F sandstone in top

212.25-214.95 (2.70)

sample 14911 for XRD test
fining upward

I

214.95-215.25 (0.30)

VF sandstone and grey siltstone

215.25-218.75 (3.50)

M sandstone with 3 cm mudstone in middle, X-bedded

218.75-219.65 (0.90)

60% siltstone and 40% VF sandstone

219.65-220.15 (0.50)

M sandstone with 5 cm VF sandstone in middle

220.15-220.45 (0.30)

VF sandstone

220.45-221.76 (1.31)

M sandstone with sharp basal contact

221.76-222.24 (0.48)

40% mudstone, 25% F to M sandstone, 35% VF sandstone

222.24-224.32 (2.08)
224.32-224.82 (0.50)

M sandstone with siltstone intraclasts in base, sham
irregular erosional basal contact, X-bedded in lower part
VF sandstone

224.82-226.50 (1.68)

F sandstone

226.50-227.14 (0.64)

VF to M sandstone

227.14-227.70 (0.56)

40% VF sandstone and 60% siltstone and mudstone

227.70-227.88 (0.18)

M sandstone

sarn.ple 14912 for XRD test

227 .88-228.16 (0.28)

80% mudstone and 20% siltstone

228.16-232.55 (4.39)

235.39-236.62 (1.23)

M sandstone with mudstone intraclasts near base of unit,
X-bedded lower and upper parts, plane-bedded in middle
VF rioole cross-laminated sandstone with interbeds of
siltstone, flaser bedding ?
F to M sandstone, mudstone intraclasts in lower part

236.62-238.35 (1.73)

40% mudstone and 60% F to M sandstone in middle of unit

238.35-241 .63 (3.28)

M to F sandstone, mudstone intraclasts in top of unit,
X-bedded, sharo erosional basal contact
interbeds of VF, F, and M sandstones, sham irregular contact
with unit below
siltstone

232.55-235.39 (2.84)

241.63-243 .64 (2.01)
243.64-243.79 (0.15)

90% M sandstone in lower part and 10% VF sandstone to
siltstone in unner Part
F to M sandstone

243.79-244.56 (0.77)
I

244.56-245.01 (0.45)
245.01-245.66 (0.65)

sample 14913 for XRD test

fining upward

M sandstone with siltstone intraclasts and sideritic? nodules
in lower part
VF sandstone

245.66-246.11 (0.45)
I

246.11-246.66 (0.50)
246.66-247.06 (0.40)

C to M sandstone with siltstone intraclasts in lower part
!

50% VF sandstone and 50% siltstone

247.06-247.24 (0.18)

M sandstone

247.24-247.86 (0.62)

F to M sandstone with mudstone clasts in lower part

247.86-248.42 (0.56)

VF sandstone and siltstone

248.42-248.45 (0.03)

F to M sandstone with abundant clasts

248.45-248.82 (0.37)

VF sandstone

248.82-249.41 (0.59)

M sandstone with rare mudstone clasts

249.41-250.44 (1.03)

VF sandstone and siltstone

250.44-250.64 (0.20)

M sandstone

fining upward

!

250.64-250.85 (0.21)

conglomerate
I

250.85-251.15 (0.30)

M to VC sandstone

fining upward

251.15-251.35 (0.20)

VF sandstone and siltstone

abundant plant fossil
and mica

251.35-253.25 (1.90)

M sandstone, X-bedded

253.25-253.45 (0.20)

conglomerate

253.45-254.55 (1.10)

M sandstone, X-bedded

254.55-254.65 (0.10)

conglomerate

254.65-255.85 (1.20)

M to C sandstone, X-bedded

255.85-256.35 (0.50)
256.35-256.45 (0.10)

40% M to F sandstone in lower part and 60% mudstone in
upper part
conglomerate

256.45-256.50 (1.05)

M sandstone, X-bedded

256.50-257.68 (0.18)

conglomerate

257.68-258.21 (0.53)

50% siltstone and 50% VF sandstone

258.21-259.11 (0.90)

M sandstone

259.11-259.21 (0.10)

VF sandstone and siltstone

259.21-260.11 (0.90)

M sandstone

260.11-260.25 (0.14)

VF sandstone and siltstone, carbonaceous

260.25-261.30 (1.05)

F to M sandstone, sharp irregular contact with unit below

261.30-263.00 (1.70)

30% sandstone and 70% siltstone with sand intraclasts

263.00-267.67 (4.67)
267.67-268.64 (0.97)

M sandstone with mudstone intraclasts, two siltstone layers
within the unit, sandstone is X-bedded
l!;rey siltstone

268.64-269.22 (0.58)

M sandstone, sharp erosional lower contact, X-bedded

269.22-269.79 (0.57)

grey siltstone

269.79-271.01 (1.22)
271.01-271.06 (0.05)

M sandstone, sharp irrel!;ular contact with unit below,
X-bedded
clays tone

271.06-272.56 (1.50)

M sandstone, X-bedded

272.56-272.80 (0.24)

grey siltstone

272.80-274.35 (1.55)
274.35-275.50 (1.15)

M sandstone, sharp erosional contact with unit below,
X-bedded
F sandstone

275.50-275.60 (0.10)

siltstone

275.60-276.30 (0. 70)

F to M sandstone

fining upward

abundant vertical joints
below this unit
jointed

276.30-276.40 (0.10)

siltstone

276.40-277.30 (0.90)

M sandstone with red mudstone intraclasts

277.30-277.80 (0.50)

50% siltstone and 50% VF sandstone

277 .80-278.77 (0.97)

M sandstone with sharp erosional basal contact

278.77-279.17 (0.40)

grey mudstone

279.17-281.27 (2.10)

M sandstone, erosional lower boundary

281.27-283.60 (2.33)
283.60-283.90 (0.30)

VC and pebbly sandstone in lower part, F to M sandstone
in uooer part of unit
M sandstone, X-bedded

283.90-284.20 (0.30)

VF sandstone and siltstone

284.20-285.17 (0.97)

VC sandstone, abundant mudstone clasts in middle part

285.17-286.32 (1.15)
286.32-286.58 (0.26)

M sandstone, X-bedded, about 10 cm VF sandstone and
siltstone in top
siltstone

286.58-287.90 (1.32)

M to VC sandstone

287.90-288.90 (1.00)

M sandstone in lower part and F sandstone and siltstone
in upper part
dark-grey siltstone

289.90-290.20 (0.30)
290.20-293.40 (3.20)
293.40-294.90 (1.50)

three sandstone units each about 1 m thick, separated from
each other by 10 cm siltstone, sandstones are X-bedded
~rey siltstone and VF sandstone, lenticular bedding

294.90-295.60 (0.70)

M sandstone

295.60-295.75 (0.15)

siltstone

295.75-298.05 (2.30)

M sandstone with erosional lower boundary, X-bedded

298.05-299.15 (1.10)

VC sandstone in lower part and F sandstone in upper part

299.15-299.30 (0.15)

siltstone

299.30-300.85 (1.55)

VC sandstone in lower part and F to M sandstone in uooer part

300.85-302.35 (1.50)

M sandstone, X-bedded

302.35-303.35 (1.00)

VC to pebbly sandstone, X-bedded

303.35-303.40 (1.05)

M to C sandstone, X-bedded

303.40-303.84 (0.44)

ripple cross-laminated F sandstone

sample 14914 for XRD test

fining upward

jointed

fining uoward

fining upward

fining upward

303.84-304.35 (0.51)

M sandstone in lower part and about 20 cm mudstone in top

304.35-305.52 (1.17)

M to C sandstone, mudstone intraclasts in lower part,
irregular erosional basal contact
F sandstone

305.52-305.84 (0.32)
305.84-315.74 (9.90)
315.74-315.89 (0.15)

stacked M to C sandstone units separated by thin siltstone
layers, sham erosional lower boundary
siltstone

315.89-316.25 (0.36)

M sandstone

316.25-316.75 (0.50)

conglomerate

316.75-317.25 (0.50)

M to C sandstone, rare intraclast in the lower part, erosional
lower boundary
VF sandstone and siltstone

317.25-317.44 (0.19)
317.44-334.27 (16.83)
334.27-334.79 (0.52)

superimposed units of M to C sandstone, X-bedded in some
parts, erosional internal boundaries
VC to pebbly sandstone

334.79-338.81 (4.02)

M sandstone with sham erosional lower boundarv

338.81-339.08 (0.27)

F to M sandstone, erosional lower boundarv

339.08-341.18 (2.10)

VC to pebbly sandstone, grades into unit below

341.18-343.13 (1.95)

F to M sandstone, erosional lower boundarv

343.13-344.95 (1.82)

M to C sandstone, irregular contact with unit below

344.95-345.73 (0.78)

F to M sandstone, erosional lower boundary, X-bedded

345.73-345.81 (0.08)

conglomerate

345.81-347.00 (1.19)

M sandstone

347.00-349.10 (2.10)

M to C sandstone, sham contact with unit below, X-bedded

349.10-349.39 (0.29)

F sandstone with sham lower boundary

349.39-349.45 (0.06)

muds tone

349.45-350.29 (0.84)

M sandstone with mudstone intraclasts

350.29-351.26 (0.97)

C to pebbly sandstone, sham contact with unit below

351.26-351.49 (0.23)

siltstone

351.49-354.21 (2.72)

M to C sandstone, sharp irregular contact with unit below

vertical jointing

abundant plant fossil and
mica

coalified wood fragments

plant fossil and muscovite

354.21-355.57 (1.36)
355.57-355.66 (0.09)

C sandstone in lower part, pebbly sandstone in middle part,
one centimeter mudstone in top
F sandstone in lower part, siltstone in upper part

358.55-358.68 (0.13)

VC to oebbly sandstone, towards the too decreases grain
size, sham irregular contact with unit below, X-bedded
C to pebbly sandstone with sham and erosional contact with
unit below
siltstone

358.68-359.60 (0.92)

pebbly sandstone in lower part and M sandstone in upper part

359.60-360.03 (0.43)

C to VC sandstone in lower Part and M sandstone in upper part

355.66-357.20 (1.54)
357 .20-358.55 (1.35)

360.03-360.43 (0.40)

363.15-363.36 (0.21)

ripple cross-laminated sandstone in lower part and
siltstone in uooer Dart
M to VC sandstone, sham irregular erosional contact with
unit below
VF sandstone and siltstone

363.36-363.92 (0.56)

M sandstone with sharp irregular lower boundary

363.92-364.07 (0.15)

siltstone

364.07-364.37 (0.30)
364.37-364.97 (0.60)

conglomerate with mudstone intraclasts, sharp erosional
lower boundarv
C sandstone, erosional lower boundarv

364.97-365.10 (0.13)

silty sandstone

365.10-366.40 (1.30)
366.40-366.45 (0.05)

40% conglomerate in lower part and 60% M sandstone
above it, erosional lower boundarv
siltstone

366.45-366.62 (0.17)

VC to pebbly sandstone, sham erosional lower boundary

366.62-367.34 (0. 72)

siltstone

367.34-368.23 (0.89)
368.23-368.61 (0.38)

M, VC to pebbly sandstone, sharp erosional lower contact
with unit below
F sandstone and siltstone

368.61-369.18 (0.57)

conglomerate in lower part and M sandstone in uooer part

369.18-371.66 (2.48)
371.66-372.30 (0.64)

M sandstone, sharp erosional contact with unit below,
X-bedded
F sandstone, plane-bedded, sham lower contact

372.30-372.49 (0.19)

conglomerate with large intraclasts

372.49-372.60 (0.11)

M sandstone

372.60-372.64 (0.04)

muds tone

360.43-363.15 (2.72)

fining upward
fining uoward

i

contains muscovite
fining upward

fining upward
muscovite in siltstones

contains muscovite

fining uoward

plant fossil, unit is faulted

fining uoward

372.64-376.25 (3.61)
376.25-376.58 (0.33)
376.58-378.55 (1.97)

70% M to VC sandstone interbedded with 30% conglomerate
with rare mudstone intraclasts
VC to pebbly sandstone

379.91-380.04 (0.13

M to C sandstone with interbeds of conglomerate, sharp
lower erosional contact
mudstone with siltstones as ball and pillow structures
disturbed bedding
F to M sandstone, rare mudstone intraclasts, sharp lower
contact
siltstone

380.04-380.29 (0.25)

M sandstone

380.29-380.53 (0.24)

mudstone, sharp contact with unit below

380.53-381.20 (0.67)

M sandstone

381.20-381.53 (33)

VC to pebbly sandstone with mudstone intraclasts, sharp
erosional basal contact
F to M sandstone

378.55-379.31 (0.76)
379.31-379.91 (0.60)

381.53-382.94 (1.41)

384.62-389.00 (4.38)

conglomerate in base (50 cm) and VC to pebbly sandstone
above thin, erosional basal contact
50% C to pebbly sandstone, 40% conglomeratic, 10% siltstone

389.00-390.40 (1.40)

M sandstone, X-bedded

390.40-390.50 (0.10)

muds tone

390.50-391.10 (0.60)

M sandstone, X-bedded

391.1

Base of Bed-load Flu vial Deposit C

391.1

Base ofBulgo Depositional Complex

391.1

Top of Scarborough Depositional System

391.1

Top of Floodplain Deposit B (Stanwell Park Claystone)

391.10-395.74 (4.64)

grey, dark brown claystone, some parts light green

395.74

Base of Floodplain deposit B (Stanwell Park Claystone)

395.74-397.03 (1.29)

F to M sandstone interbedded with thin layers of siltstone

397.03-399.45 (2.42)
399.45-399.61 (0.16)

70% F to C sandstone and 30% C to VC sandstone, sharp
erosional contact
siltstone

399.61-401.34 (1.73)

greenish-grey claystone, dark grey claystone

401.34-401.73 (0.39)

VF sandstone and siltstone

382.94-384.62 (1.68)

fossil trunks

fining upward
abundant coalified fossil
trunks

faulted zone, sample
14915-14917 for XRD test

abundant plant fossils

401.73-405.63 (3.90)
405.63-405.98 (0.35)

M to C sandstone, carbonaceous siltstone in middle of unit,
sham erosional contact with unit below
F sandstone and siltstone

abundant plant fossils and
mica in fine-grained layer
rare plant fra1m1ent.s

405.98-406.57 (0.59)

C sandstone with mudstone intraclasts

406.57-407 .52 (0.95)
407.52-407.58 (0.06)

sandy conglomerate in lower part with mudstone intraclast,
M to C sandstone above it, sharp erosional basal contact
carbonaceous mudstone

407.58-407.69 (0.11)

M sandstone

407.69-407.98 (0.29)

carbonaceous mudstone

407 .98-409 .54 (1.56)

M sandstone with sharp erosional basal contact

409.54-409.76 (0.22)

carbonaceous mudstone and claystone

409.76-410.31 (0.55)

conglomerate in base and M sandstone above thin, sharp
erosional basal contact
carbonaceous mudstone

fining upward

20% conglomerate in lower part, 70% VC to pebbly
sandstone, 10% interbedded of F sandstone, erosional base
carbonaceous mudstone

fossil trunks in lower part

fining upward

abundant plant fossils

i

410.31-410.33 (0.02)
410.33-411.70 (1.37)
'

411.70-411.94 (0.24)
411.94-413.53 (1.59)
413.53-413.80 (0.27)
413.80-415.24 (1.44)

small plant fragments

M to C sandstone, conglomeratic interbeds in lower part,
sharp erosional basal contact
carbonaceous mudstone, with thin interbeds of F sandstone

415.24-415.33 (0.09)

M sandstone with mudstone intraclasts in lower part,
erosional basal contact
carbonaceous mudstone

415.33-416-09 (0.76)

M to C sandstone in lower part and F sandstone in upper part

416.09-432.19 (16.10)

60% conglomeratic units and 40% F to C sandstone interbeds,
distinctive sharp erosional lower contact

432.19
432.19
432.19
432.19
432.19
432.19

Base of Bed-load Fluvial Deposit B (Scarborough Sandstone)
Base of Scarborough Depositional System
Base of the Narrabeen Depositional Sequence
Top of IDawarra Depositional sequence
Top of Wombarra Depositional System
Top of Floodplain Deposit A (Wombarra Shale)

432.19-433.07 (0.88)

F to M sandstone interbedded with mudstone

433.07-435.99 (2.92)

claystone, silty and fine sandy in some parts

435.99

Top of Bed-load Fluvial Deposit A (Otford Sandstone Member)

plant fragments

I

sample 14918 for XRD test
and sample 15232 for trace
element analysis

435.99-437.00 (1.01)

90% F to M sandstone interbedded with 10% siltstone

437 .00-440.36 (3.36)

25% conglomerate in lower part and 75% C sandstone
in the rest of unit, distinctive sharp erosional basal contact

440.36

Base of Bed-load Fluvial Deoosit A (Otford Sandstone Member)

440.36-443.43 (3.07)

40% claystone and 60% interbedded with siltstone

sample 14919 for XRD test

443.43-444.36 (0.93)

mottled reddish-grey claystone and sandstone

palaeosol ?, sample 14920
and 14921 for XRD test

444.36-446.47 (2.11)

siltstone with sandstone interbeds

446.47-448.76 (2.29)

30% sandstone, 60% siltstone and 10% mudstone

448.76-452.23 (3.47)

80% siltstone, 5% claystone and 15% mudstone

sample 14922 for XRD test

452.23-452.89 (0.66)

mottled reddish-grey siltstone and mudstone

palaeosol ?, sampled for XRD

452.89-458.60 (5. 71)

mudstone, some interbeds of F sandstone and siltstone

traces of plant fossil

458.60-459.50 (0.90)

mottled siltstone and mudstone

palaeosol ?, sample 14923
and 14924 for XRD test

459.5

Top of the Mixed-load Fluvial Deposit A (Coal Cliff Sandstone)

459.50-460.10 (0.60)

M sandstone in lower part and F sandstone in uooer part

fining upward

460.10-460.80 (0. 70)

M sandstone in lower part and F sandstone in unner part

fining upward

460.80-462.25 (1.45)

M to C sandstone in lower part and F sandstone in uooer part

fining upward

462.25-462.82 (0.57)

interbedded siltstone and F sandstone with sideritic bands

462.82-465.70 (2.88)

M to C sandstone, X-bedded

465.70-467.00 (1.3)

M sandstone

467 .00-467 .20 (0.20)

pebbly sandstone

467.20-468.50 (1.30)

M to C sandstone, X-bedded

468.50-469.70 (1.20)

M sandstone

469.70-471.75 (2.05)

M sandstone, X-bedded

471.75-474.03 (2.28)

channel lag deposit in base, M to VC sandstone, X-bedded,
sharp erosional lower boundary

474.03

Base of Mixed-load Fluvial Deposit A (Coal Cliff Sandstone)

474.03-485.62 (11.59)

40% siltstone, 40% claystone, 20% F sandstone,
flaser and lenticular bedding

fining upward

fining upward

plant debris in some part,
samples 14925-14929 for
XRD test, sample15233 for

1

.I

485.62-485.74 (0.12)

carbonaceous mudstone

485.74

Top of Bulli Coal

485. 74-488.58 (2.84)

Bulli Seam

488.58

Base of Bulli Coal

trace element analysis
abundant rootlets

coal
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Palaeocurrent data for the Narrabeen Group succession.
Azimuthal palaeocurrent data for the Coal Cliff Sandstone (planar and trough cross-bedding).
From Clifton to Coalcliff.
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Fossil logs orientation for the Coal Cliff Sandstone.
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Palaeocurrent data for the Otford Sandstone Member (mostly planar cross-bedding).
Between Clifton and Coalcliff.
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Palaeocurrent data for the Scarborough Sandstone (planar and trough cross-bedding).
From north of Coalcliff to Bulgo.
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Palaeocurrent data for the Scarborough Sandstone (fossil log orientation)
South of Bulgo.
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Palaeocurrent data for the Bulgo Sandstone (planar and trough cross-bedding).
Lower part of B ulgo Sandstone, from Werrong to Burning Palms.
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Palaeocurrent data for the Bulgo Sandstone (planar and trough cross-bedding).
Middle part of B ulgo Sandstone, from Era to north of Thelma Head.
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Palaeocurrent data for the Bulgo Sandstone (planar and trough cross-bedding).
Upper part of Bulgo Sandstone, Garie North.
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14885

IL-55-148.90

dark grey mudstone

lluka 55 Bore Hole

289501.20E-1210778.60N

Newport

M. Triassic

XRD

14886

IL-55-157 .90

dull mudstone

lluka 55 Bore Hole

289501.20E-1210778.60N

Newport

M. Triassic

XRD

14887

IL-55-166.10

brown claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Garie

M. Triassic

XRD

14888

IL-55-162.70

red brown claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Bald Hill Claystone

M. Triassic

XRD

14889

IL-55-173.60

claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Bald Hill Claystone

M. Triassic

XRD

14890

IL-55-180.30

claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Bulgo Sandstone

E. Triassic

XRD

14891

IL-55-204.00

grey claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Bulgo Sandstone

E. Triassic

XRD

14892

IL-55-328.80

claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Bulgo Sandstone

E. Triassic

XRD

14893

IL-55-335.30

claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Stanwell Park Claystone

E. Triassic

XRD

14894

IL-55-340.20

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Stanwell Park Claystone

E. Triassic

XRD

14895

IL-55-353.00

green mudstone

lluka 55 Bore Hole

289501.20E-1210778.60N

Scarborough Sandstone

E. Triassic

XRD

14896

Il-55-360.20

claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Scarborough Sandstone

E. Triassic

XRD

14897

IL-55-402.70

calystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Wombarra Shale

L. Permian

XRD

14898

IL-55-410.20

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Wombarra Shale

L. Permian

XRD

14899

IL-55-420.50

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Wombarra Shale

L. Permian

XRD

14900

IL-55-421.60

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Wombarra Shale

L. Permian

XRD

14901

IL-55-425.20

claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Wombarra Shale

L. Permian

XRD

14902

IL-55-431.95

claystone

lluka 55 Bore Hole

289501.20E-1210778.60N

Wombarra Shale

L. Permian

XRD

14903

IL-55-443.80

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Coalcliff

L. Permian

XRD

14904

IL-60-179 .40

clystone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Garie

M. Triassic

XRD

14905

IL-60-191.00

red brown claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

Bald Hill Claystone

M. Triassic

XRD

14906

IL-60-191.50

red, green, claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

Bald Hill Claystone

M. Triassic

XRD
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14907

IL-60-201.00

red claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

Bald Hill Claystone

M. Triassic

XRD

14908

IL-60-204.10

light green claystone

lluka 60 Bore Hole

281980 .08E-1214956.26N

Bald Hill Claystone

M. Triassic

XRD

14909

IL-60-205.00

red claystone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Bald Hill Claystone

M. Triassic

XRD

14910

IL-60-208.80

mudstone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Bald Hill Claystone

M. Triassic

XRD

14911

IL-60-211.80

red claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

Bald Hill Claystone

M. Triassic

XRD

14912

IL-60-222.15

light green mudstone

lluka 60 Bore Hole

281980.08E-1214956.26N

Bulgo Sandstone

E. Triassic

XRD

14913

IL-60-236.70

grey mudstone

lluka 60 Bore Hole

281980.08E-1214956.26N

Bulgo Sandstone

E. Triassic

XRD

14914

IL-60-278.85

grey mudstone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Bulgo Sandstone

E. Triassic

XRD

14915

IL-60-391.20
IL-60-393.40

light green claystone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Stanwell Park Claystone

E. Triassic

XRD

Iluka 60 Bore Hole

281980.08E-1214956.26N

Stanwell Park Claystone

E. Triassic

XRD

IL-60-393.50

light green claystone
light green claystone

E. Triassic

XRD

IL-60-433.10

dark grey claystone

281980.08E-1214956.26N
281980.08E-1214956.26N

Stanwell Park Claystone

14918

lluka 60 Bore Hole
Iluka 60 Bore Hole

Wombarra Shale

L. Permian

XRD

14919

IL-60-440.50

light green claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

Wombarra Shale

L. Permian

XRD

14920

IL-60-444.20

dark grey claystone

lluka 60 Bore Hole

281980 .08E-1214956.26N

Wombarra Shale

L. Permian

XRD

14921

IL-60-444.80

red brown claystone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Wombarra Shale

L. Permian

XRD

14922

IL-60-450.00

light green mudstone

lluka 60 Bore Hole

281980.08E-1214956.26N

Wombarra Shale

L. Permian

XRD

14923

IL-60-458.70

clay stone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Wombarra Shale

L. Permian

XRD

14924

IL-60-459.10

claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

Wombarra Shale

L. Permian

XRD

14925

IL-60-474.20

siltstone

lluka 60 Bore Hole

281980.08E-1214956.26N

under Coal Cliff Sandstone

L. Permian

XRD

14926

IL-60-476.50

dark grey claystone

lluka 60 Bore Hole

281980 .08E-12 l 4956.26N

under Coal Cliff Sandstone

L. Permian

XRD

14927

IL-60-481 .00

dark grey claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

under Coal Cliff Sandstone

L. Permian

XRD

14928

IL-60-483.45

claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

under Coal Cliff Sandstone

L. Permian

XRD

14929

IL-60-485.20

claystone

lluka 60 Bore Hole

281980.08E-1214956.26N

under Coal Cliff Sandstone

L. Permian

14930

MD-BH-2

red claystone

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

XRD
XRD

14931

MD-BH-5

red brown claystone

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

XRD

14916
14917
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14932

MD-BH-8

claystone

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

XRD

14933

MD-BH-11

red siltstone

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

XRD

14934

MD-BH-14

red brown claystone

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

XRD

14935

MD-BH-18

grey claystone

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

XRD

14936

MD-BH-22

oolitic claystone

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

XRD

14937

MD-BH-25

light grey claystone

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

14938

MD-BH-COP

copper oxide

Garie North Head

307700E-1218400N

Bald Hill Claystone

M. Triassic

XRD
XRD

14939

MD-BU-13

light grey claystone

south of Little Garie

305475E-1217025N

Bulgo Sandstone

E. Triassic

14940

MD-BU2-3

grey claystone, siltstone

south of Era

304700E-1216550N

Bulgo Sandstone

E. Triassic

14941

MD-SP-I

grey claystone

south of Coalcliff

297500E-1208400N

Stanwell Park Claystone

E. Triassic

14942

MD-SP-8

light green claystone

south of Coalcliff

297500E-1208400N

Stanwell Park Claystone

E. Triassic

14943

MD-SP-9

light green siltsotone

south of Coalcliff

297500E-1208400N

Stanwell Park Claystone

E. Triassic

14944

MD-SP-15

dark red claystone

south of Coalcliff

297500E-1208400N

Stanwell Park Claystone

E. Triassic

14945

MD-SP-17

green claystone

south of Coalcliff

297500E-1208400N

Stanwell Park Claystone

E. Triassic

14946

MD-SPI-4

light grey claystone

Stanwell Park

299300E-1211000N

Stanwell Park Claystone

E. Triassic

14947

MD-SPl-8

green claystone

Stanwell Park

299300E-1211000N

Stanwell Park Claystone

E. Triassic

XRD
XRD

14948

MD-SPl-13

dark grey claystone

Stanwell Park

299300E-1211000N

Stanwell Park Claystone

E. Triassic

XRD

14949

MD-SC-8

siltstone

south of Bulgo

300600E-1211950N

Scarborough Sandstone

E. Triassic

14950

MD-W0-5

grey claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

XRD
XRD

14951

MD-W0-14

grey claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

XRD

14952

MD-CC-1

clays tone

north of Clifton

297050E-1207150N

Coal Cliff Sandstone

L. Permian

XRD

14953

MD-WO-MF-1

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

14954

MD-WO-MF-2

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

14955

MD-WO-MF-3

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

14956

MD-WO-MF-4

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

XRD
XRD
XRD
XRD
XRD
XRD
XRD
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14957

MD-WO-MF-5

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

14958

MD-WO-MF-6

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

14959

MD-WO-MF-7

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

14960

MD-WO-MF-8

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

14961

MD-WO-MF-9

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

microfossil study

14962

MD-WO-MF-10

mudstone, claystone

south of Coalcliff

297200E-120800N

W ombarra Shale

L. Permian

microfossil study

14963

MD-WO-MF-11

mudstone, claystone

south of Coalcliff

297200E-120800N

W ombarra Shale

L. Permian

microfossil study

14964

MD-WO-MF-12

mudstone, claystone

south of Coalcliff

297600E-1208750N

Wombarra Shale

L. Permian

microfossil study

14965

MD-WO-MF-13

mudstone, claystone

south of Coalcliff

297600E-1208750N

Wombarra Shale

L. Permian

microfossil study

14966

MD-WOT-MF-13

mudstone, claystone

south of Coalcliff

297600E-1208750N

Wombarra Shale

L. Permian

microfossil study

15232

IL-60-435.70

claystone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Wombarra Shale

L. Permian

trace element

15233

IL-60-480.50

claystone

Iluka 60 Bore Hole

281980.08E-1214956.26N

under Coal Cliff Sandstone

L. Permian

trace element

15234

IL-55-97 .00

siltstone, claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Hawkesbury Sandstone

M. Triassic

trace element

15235

IL-55-148.70

claystone, siltstone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Newport

M. Triassic

trace element

15236

IL-55-156.80

claystone, siltstone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Newport

M. Triassic

trace element

15237

IL-55-160.80

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Garie

M. Triassic

trace element

15238

IL-55-163.70

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Bald Hill Claystone

M. Triassic

trace element

15239

IL-55-176.00

claystone, siltstone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Bald Hill Claystone

M. Triassic

trace element

15240

IL-55-282.40

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Bulgo Sandstone

E. Triassic

trace element

15241

IL-55-333.60

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Stanwell Park Claystone

E. Triassic

trace element

15242

IL-55-351.00

claystone

Iluka 55 Bore Hole

28950 l.20E- l 210778.60N

Stanwell Park Claystone

E. Triassic

trace element

15243

IL-55-410.10

clay stone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Wombarra Shale

L. Permian

trace element

14967

MD-CCS-1

siderite band

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

microprobe

14968

MD-CCS-2

siderite band

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

microprobe

14969

MD-CCS-3

siderite nodule

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

microprobe
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14970

MD-CCS-4

siderite band

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

microprobe

14971

MD-WOS-1

siderite band

Coalcliff adit

299300E-1215100N

Wombarra Shale

L. Permian

microprobe

14972

MD-WOS-2

siderite band

Coalcliff adit

299300E-1215100N

Wombarra Shale

L. Permian

microprobe

14973

MD-ICMS-1

sideritic siltstone

Coledale

294850E-1203900N

Wilton

L. Permian

microprobe

14974

MD-CC-S0-11

siderite nodule

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

XRD

14975

MD-CC-SI-11

siderite nodule

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

XRD

14976

MD-CC-S0-3.1

siderite nodule

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

XRD

14977

MD-CC-SI-3.1

siderite nodule

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

XRD

14978

MD-CC-SO

siderite nodule

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

XRD

14979

MD-CC-SI

siderite nodule

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

XRD

15748

IL-55-402.25

mudstone

Iluka 55 Bore Hole

289501.20E-1210778.60N

W ombarra Shale

L. Permian

XRD

15749

IL-55-343.40

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Stanwell Park Claystone

E. Triassic

XRD

15750

IL-55-345.60

claystone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Stanwell Park Claystone

E. Triassic

XRD

15751

IL-55-240.55

mudstone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Bulgo Sandstone

E. Triassic

XRD

15752

IL-55-316.64

mudstone

Iluka 55 Bore Hole

289501.20E- l 2 l 0778.60N

Bulgo Sandstone

E. Triassic

XRD

15753

IL-55-227 .25

sandstone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Bulgo Sandstone

E. Triassic

SEM

15754

IL-55-332.81

sandstone

Iluka 55 Bore Hole

289501.20E-1210778.60N

Bulgo Sandstone

E. Triassic

SEM

15755

IL-60-414.80

sandstone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Scarborough Sandstone

E. Triassic

SEM

15756

IL-60-486.80

sandstone

Iluka 60 Bore Hole

281980.08E-1214956.26N

Coal Cliff Sandstone

L. Permian

SEM

14956

MD-WO-MF-4

mudstone, claystone

north of Clifton

297050E-l 207150N

Wombarra Shale

L. Permian

stable isotope

14961

MD-WO-MF-9

mudstone, claystone

north of Clifton

297050E-1207150N

Wombarra Shale

L. Permian

stable isotope

14962

MD~WO-MF-10

mudstone, claystone

south of Coalcliff

297200E- l 20800N

W ombarra Shale

L. Permian

stable isotope

14963

MD-WO-MF-11

mudstone, claystone

south of Coalcliff

297200E-120800N

W ombarra Shale

L. Permian

stable isotope

14965

MD-WO-MF-13

mudstone, claystone

south of Coalcliff

297600E-1208750N

Wombarra Shale

L. Permian

stable isotope

14968

MD-CCS-2

siderite band

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Permian

stable isotope
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14969

MD-CCS-3

siderite nodule

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Pennian

stable isotope

14970

MD-CCS-4

siderite band

Coalcliff adit

299300E-1215100N

Coal Cliff Sandstone

L. Pennian

stable isotop e

14973

MD-ICMS-1

sideritic siltstone

Coledale

294850E-l 203900N

Wilton

L. Pennian

stable isotop·e

